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I. Introduction 

Contraction of smooth muscle is regulated by the cy- 
tosolic Ca 2 * level ([Ca 2 *]^, and the sensitivity to Ca 2+ 
of the contractile elements in response to changes in the 
environment surrounding the cell. The first sequence of 
events in regulation includes the binding of endogenous 
substances, such as neurotransmitters and hormones, to 
their specific receptors. This activates various types of 
guanosine 5 '-triphosphate (OTP) binding proteins, 
which are coupled to different ion channels and en- 
zymes, and modulate their activities. These enzymes 
include both phospholipase C, which metabolizes phos- 
phatidylinositol and produces inositol 1,4,5-trisphos- 
phate (IP 3 ) and diacylglycerol, and adenylate cyclase, 
which metabolizes adenosine 5 '-triphosphate (ATP) to 
produce cyclic adenosine 3',5'-monophosphate (cyclic 
AMP). Some receptors, such as that for the atrial natri- 
uretic peptide, are directly coupled to guanylate cyclase, 

° Address correspondence to Hideaki Karaki, 
h Abbreviations: [Ca 2 "] ri cyto3otic Ca 2+ level; GTP, guanosine 5'- 
triphosphate; ATP, adenosine 5 '-triphosphate; IP 3> inositol 1,4,5- 
tri phosphate; cyclic AMP, cyclic adenosine 3 ',5 '-monophosphate; cy- 
clic GMP, cyclic guanosine 3 '^'-monophosphate; SR, sarcoplasmic 
reticulum; MLC, myosin light chain; ADP, adenosine S'-diphosphate; 
PSS, physiological salt solution; CRAC, Ca 2 " release- activated Ca 24 " 
channel; CICR T Ca 2 -induced Ca 2+ release; IICR, IP a -induced 
Ca 2+ release; GTPyS, guanosine 5 ' -O- ( 3 -thiotri phosphate)* GDP/3S, 
guanosine-S'-O-thiodiphoaphate; SHR, spontaneously hypertensive 
rat; WKY, Wistar Kyoto rat; SERCA, sarcoplasmic reticulum Ca 2 •- 
ATPase; STOC, spontaneous transient outward current; MBED, 
9-rnethyl-7-bromoeudistomin; RNA, ribonucleic acid; H-7, l-(5*iso* 
quinoIinesulfonyl>-2-methylpiperazine dihydrochioride; Ml-9, l-f5- 
chloronaphthalene-l-sulfonyl)-Lr7-hexahydro-l,4-diazepine; CGRP, 
calcitonin gene-related peptide; TPA, 12-O-tetTadecanoylphorbol- 
13-acetate; PDBu, phorbol 12, 13-dibutyrate; DPB, 12-deoxyphorboI 
13-isobutyrate; DPBA, 12-deoxyphorboI 13-isobutyrate 20-acetate; 
PDGF, platelet-derived growth factor; SD-3212, semotiadil fumarate 
GSM^enantiomer; KB-2796 r l-Ebis(4-nuorophenyl)methyl>4-{2,3 1 4- 
trimethoxybenzyl)piperazine dihydrochloride; TMB-8, S-OV^V-dieth- 
ylaminojoctyl-S^S-trimethoxybenzoate; KT-362, 5-[3-([2-f3,4^di- 
methoxyphenyD-ethylJamino^-l-oxopropyll-^S^.S-tetrahydro-lS- 
benzothiazepine fumarate; LP-805, 8-^r/-butyl-6,7-dihydropyrrolo- 
[3,2-e]-S-methylpyra3!:olo-El t 5a]-pyrimidine-3-carbonitrile; SKF 
96365, l-[3-{4-methoxyphenyl) propoxy l]-l-(.4-m ethoxy phenyl )etbyl- 
Lr/-imidaso!e He!; fura-2/AM, acetoxymethyl ester of fura-2; CGRP, 
calcitonin gene-related peptide. 



which metabolizes GTP to produce cyclic guanosine 
3 '^'-monophosphate (cyclic GMP). 

The second regulatory sequence includes changes in 
CCa 2 I^* CaIcium influx is the major pathway to increase 
[Ca 2- ^. This mechanism includes voltage-dependent L- 
type Ca 2+ channels, nonselective cation channels, the 
Ca '"'-release activated Ca 2 + influx pathway, and the 
reverse mode of the Na + /Ca 2 + exchanger. Calcium re- 
lease from the sarcoplasmic reticulum (SR) also in- 
creases [Ca 2 "^. A decrease in [Ca 2 ^ is mediated by 
Ca sequestration by the SR, and extrusion by mem- 
brane Ca 2+ pumps and Na + /Ca 2+ exchanger. Second 
messengers such as IP 3j diacylglycerol, cyclic AMP, and 
cyclic GMP alter [Ca 2 ^ by affecting these mechanisms. 
Distribution of Ca 2 ^ in the cytoplasm is not uniform. 
Calcium ion in the cytosolic compartments regulates 
contractile elements, whereas Ca 2 ^ in the subplasmale- 
mmal compartments regulates Ca 2 *-dependent mecha- 
nisms in the plasmalemma (ion channels, ion pumps, 
and enzymes). Calcium concentrations in these compart- 
ments are regulated independently. 

The third regulatory sequence includes changes in 
myosin light chain kinase activity. This enzyme is acti- 
vated by Ca 2+ and calmodulin and phosphorylates my- 
osin regulatory light chain (MLC). Phosphorylated my- 
osin interacts with actin to induce contraction. 
Phosphorylated MLC is dephosphorylated by MLC phos- 
phatase. The amount of phosphorylated MLC is there- 
fore dependent on the balance between MLC kinase and 
MLC phosphatase. However, during continuous stimu- 
lation, [Ca 2 % the amount of phosphorylated MLC and 
shortening velocity gradually decrease, whereas isomet- 
ric force increases monotonically. This indicates that 
nonphosphorylated myosin is also involved in the main- 
tenance of contraction. Agonists and second messengers 
modify the MLC kinase/MLC phosphatase ratio inde- 
pendently of [Ca 2+ ] i4 This mechanism, known as Ca 2 + 
sensitivity of MLC phosphorylation, changes contractile 
force even in the presence of a constant level of [Ca 2 ^. 
Both cyclic AMP and cyclic GMP change the MLC ki- 
nase/MLC phosphatase balance and induce relaxation. 
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All of these mechanisms are supported by energy sup- 
plied mainly from oxidative phosphorylation and partly 
from aerobic glycolysis. Oxidative phosphorylation sup- 
plies ATP mainly to contractile elements, whereas aer- 
obic glycolysis supplies ATP mainly to membrane ion 
pumps. Although smooth muscle develops approxi- 
mately double the force per cross-sectional area of skel- 
etal muscle, it consumes 100- to 500-fold lower ATP than 
does skeletal muscle. This difference is explained by the 
lower ATPase activity of the smooth muscle myosin mol- 
ecule. 

Within the past decade, considerable progress has 
been made in the understanding of Ca 2+ movements 
and distribution in smooth muscle cells. Simultaneous 
measurements of [Ca 2+ ]j and contraction in intact 
smooth muscle cells and tissues using various types of 
intracellular Ca 2 " indicators have allowed analysis of 
Ca 2 ^ sensitivity of contractile elements (see Karaki, 
1989a, 1990, 1991). Permeabilization of the cell mem- 
brane enabled the measurement of contraction in the 
presence of the constant concentrations of Ca 2+ , ATP, 
and other substances in the cell. Calcium-imaging tech- 
niques have revealed uneven distribution of Ca 2 ^ in the 
cell and localized increases in the form of Ca 2+ sparks 
and waves. Comparison of the increase in [Ca 2+ ]i and 
contraction suggested the roles of localized Ca 2+ in reg- 
ulation of different mechanisms located in different 
parts inside the cell. 

This review article is focused on topics related to 
mechanisms regulating ECa 2 ^]^ and physiological roles 
of Ca 2 ^ in smooth muscle. Effects of pharmacological 
agents on movements and distribution of Ca 2 ^ will also 
be discussed. Readers should refer to review articles by 
Abdel-Latif (1986} and Nishizuka (1995) on the receptor- 
linked signal transduction, by McDonald et al. (1994), 
Kuriyama et al. (1995) and Knot et al. (1996) on ion 
channels, by Murphy (1994), Somlyo and Somlyo (1994), 
and Strauss and Murphy (1996) on regulation of con- 
tractile elements, and by Ishida et al. (1994), Paul 
(1995), and Hellstrand (1996) on energy supply. 

II* Calcium Movements 

A. Calcium Movements Predicted from Muscle 
Contraction 

Before directly measuring [Ca 2+ ] i using the intracel- 
lular Ca 2+ indicators, contraction was considered to be a 
good indicator of [Ca 2 *li in smooth muscle, because 
Ca 2 * was believed to be the only regulator of contrac- 
tion. In vascular smooth muscle, two types of stimulants 
are widely used to identify the changes in [Ca 24 "]^ high 
-induced membrane depolarization and activation of 
the ^-adrenoceptor by norepinephrine or phenylephrine 
(Weiss, 1977; Karaki, 1987). Both of these stimuli in- 
duced sustained contractions, but with different charac- 
teristics. High K*Mnduced sustained contraction was 
totally abolished by removing external Ca 2+ and, also, 



by agents blocking the Ca 2+ channels, including cinna- 
rizine (Godfraind and Kaba, 1969), /3-diethylaminoethyl 
diphenylpropyl acetate (SKF525A) (Kalsner et al,, 
1970), verapamil (Peiper et al., 1971), and La 3+ (Good- 
man and Weiss, 1971a, b; Van Breemen et al., 1972). 
From these results, it was proposed that high in- 
creases transmembrane Ca 2 " influx, increases [Ca 24 *] i 
and induces contraction. In contrast, norepinephrine- 
induced contraction was resistant to removal of external 
Ca 2-r . It induced a transient contraction followed by a 
small sustained contraction in the absence of external 
Ca 2 "". Calcium channel blockers and La 3+ also inhibited 
the sustained phase more strongly than the transient 
phase. However, a part of the norepinephrine-induced 
sustained contraction was not inhibited by La 3-T " or Ca 2 ^ 
channel blockers at the concentrations needed to com- 
pletely inhibit high K + -induced contraction. These re- 
sults suggest that the norepinephrine-induced transient 
contraction is due to Ca 2+ release from intracellular 
storage site (Hiraoka et al., 1968). The mechanism of the 
norepinephrine-induced sustained contraction was con- 
troversial. It was suggested that this contraction is due 
mainly to transmembrane Ca 2+ influx because it is 
strongly inhibited in the absence of external Ca 2 ^ (Som- 
lyo and Somlyo, 1968; Hudgins and Weiss, 1968; 
Hiraoka et al., 1968; Weiss, 1977). Another possibility 
was that this contraction is due to Ca 2+ release from 
storage sites because both the transient and sustained 
phases were less sensitive to Ca 2 ^ channel blockers than 
was the high K 4 " -induced sustained contraction (Bohr, 
1963; Van Breemen et al., 1972). To further examine the 
mechanisms to increase [Ca 2 "3^ it was necessary to 
directly measure [Ca 2 *]^ 

B. Measurements of Radioactive Calcium Fluxes 

The amount of Ca 24 " bound outside the cell membrane 
(approximately 1 mmol/kg of wet tissue) is much greater 
than the amount of free Ca 2+ in the cytoplasm (approx- 
imately 10 nm to 1 ^lM) and/or the amount of Ca 2 ^ 
entering the cell during a contractile stimulation (500 
pmol of membrane-bound Ca 2+ /cm 2 of cell membrane 
compared to 0.3 pmol of Ca 2+ influx/cm 2 of cell mem- 
brane) (Bolton, 1979), Since it was not possible to dis- 
criminate between Ca 2+ bound to the membrane surface 
and Ca 2+ in the cytoplasm using radioactive 4t3 Ca 2 * t it 
was difficult to detect changes in transmembrane Ca 2T 
influx in smooth muscle. Thus, various stimulants did 
not change total 45 Ca 2+ uptake in different types of 
smooth muscle preparations (see Lullman, 1970; Weiss, 
1974, 1977). 

i. Slowly exchanging calcium fraction. To remove that 
45 Ca 2+ present in the extracellular space, Briggs (1962) 
incubated rabbit aortic strips with solutions containing 
45 Ca 2+ for 3o_ 60 min followed by a 10- to 15-min wash- 
out period with identical non-radioactive solutions. Us- 
ing this method, it is possible to remove rapidly exchang- 
ing Ca 2+ and measure the slowly exchanging Ca 2 * 
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fraction. It was found that high K^, epinephrine and 
norepinephrine increased the amount of 45 Ca 2+ remain- 
ing after the washout period (Briggs, 1962; Seidel and 
Bohr, 1971), Ouabain-induced contractions in the rabbit 
aorta were also shown to be accompanied by an in- 
creased 45 Ca 2+ uptake (Briggs and Shibata, 1966). This 
method was also applied to intestinal smooth muscle of 
the guinea pig taenia coli by Urakawa and Holland 
(1964), and it was found that various stimulants, includ- 
ing high K% Ba 2 % carbachol and histamine, increased 
46 Ca 2+ upta fc e (f or references see Karaki and Urakawa, 
1972). Thus, the amount of Ca 2+ in the slowly exchang- 
ing fraction appears to correlate with contraction. How- 
ever, the time course of the increase in 45 Ca 24 ~ was 
slower than that of contraction, and the total amount of 
45 Ca 2_! ~ increased to as much as 500 /xmol/kg in 30 min. 
Furthermore, the decrease in 45 Ca 2 + following removal 
of stimulant was much slower than the decrease in mus- 
cle tension (Karaki and Urakawa, 1972). These results 
suggest that this method measures 45 Ca 2+ in a cellular 
fraction in which Ca 2+ gradually accumulates during 
contraction. Since the amount of 45 Ca 2+ in this fraction 
is larger than that in the intracellular space fraction 
(measured with the lanthanum method as described 
later), a part of this fraction may exist in the membrane 
surface. Neither the precise location nor the physiologi- 
cal role of this Ca 2+ fraction has been defined, 

2. Lanthanum-inaccessible fraction. Due to their 
higher charge density, La 3 ^ ions were predicted to have 
greater affinity than Ca 2+ for any accessible anionic 
group that binds Ca 2+ (Lettvin et al., 1964), Based upon 
anatomical evidence indicating that La 3 + is restricted to 
the extracellular compartment (Laszlo et aL, 1952), it 
was found that La 34 * replaced 45 Ca 2+ at superficial 
membrane sites and prevented 45 Ca 2 ' f uptake to less 
accessible Ca 2+ sites in smooth muscle preparations 
(Weiss and Goodman, 1969; Goodman and Weiss, 1971a t 
b; Weiss, 1974). Van Breemen et aL (1972) attempted to 
remove only the extracellular 45 Ca 2+ by washing the 
tissue in a physiological salt solution (PSS) containing 
2-10 mM LaCl 3 after completion of 45 Ca 2+ uptake and 
before tissue 45 Ca 2 ' 4 " analysis. With this "lanthanum 
method," they showed that during contraction of rabbit 
aorta with a high K + solution, Ca 2+ uptake was in- 
creased from the resting level of approximately 50 
umol/kg of wet tissue to 150 tunoVkg of wet tissue. They 
also found that replacement of Na 4 " in PSS by Li* 
increased both 45 Ca 2+ uptake and muscle tension. 
However, there was no change in 45 Ca 2+ uptake during 
contractions induced by 10 fjM norepinephrine. Norepi- 
nephrine increased 45 Ca 24 " uptake only when muscle 
strips were preincubated with Ca 2+ -free PSS (Deth and 
Van Breemen, 1974) or in muscles depolarized by high 
K + (Karaki and Weiss, 1979, 1980a, b). These results 
suggest that 45 Ca 2 " uptake increased only under "non- 
physiological" conditions and appeared to support the 
ideas that 1) both phases of norepinephrine-induced con- 



traction in the rabbit aorta are due mainly to Ca 2+ 
release (Van Breemen et aL, 1972; Bohr, 1973; Cavero 
and Spedding, 1983) and 2) access of extracellular Ca 2 ^ 
is essential for refilling the intracellular release site 
(Deth and Van Breemen, 1977). 

To improve the lanthanum method by minimizing loss 
of 45 Ca 2+ during washout with La 3 ^ solution, Godfraind 
(1976) employed a high concentration (50 fjM) of LaCl 3 
and found that norepinephrine increased the rate of 
45 Ca 2+ uptake without changing the total amount of 
45 Ca 24 " uptake in the rat aorta, Karaki and Weiss (1979) 
also modified this method for the same purpose by using 
a combination of high LaCl 3 concentration and de- 
creased temperature. They found that norepinephrine 
increased the total amount of 45 Ca 2 " uptake in the rab- 
bit aorta only when it was depolarized. Van Breemen et 
aL (1981) also used decreased temperature to inhibit the 
loss of 45 Ca 2 -*\ Furthermore, they used EGTA instead of 
LaCl 3 to remove the extracellular 4S Ca 2+ . With this 
method, they found that high K + and norepinephrine 
increased the rate of 4S Ca 2 ^ uptake in the rabbit aorta 
(Meisheri et al., 1981; Van Breemen et aL, 1981). 

Norepinephrine also transiently increased the rate of 
45 Ca 2+ efflux (Godfraind, 1976; Deth and Van Breemen, 
1977). In addition, norepinephrine decreased that Ca 2+ 
concentration at "high affinity Ca 2+ binding sites" with- 
out changing the Ca 2 * concentration at "low affinity 
Ca 2+ sites" (Karaki and Weiss, 1979, 1980a, b, c). These 
results provide support for the view that norepinephrine 
releases Ca 2_i ~ from cellular storage sites. 

With the lanthanum method, increases in total 4S Ca 2+ 
uptake could be detected only under nonphysiological 
conditions such as stimulation with high K + . Karaki and 
Weiss (1981b, 1987) and Karaki et aL (1982) found that 
inhibition of mitochondrial function with antimycin A, 
oligomycin, potassium cyanide (KCN) and hypoxia abol- 
ished the high K + -induced increase in 45 Ca 2 ^ uptake 
with little effect on contraction. Their finding indicates 
that the high K"-induced increase in 46 Ca 2_f ~ uptake is 
not associated with contraction and represents an incre- 
mental uptake of Ca 2+ into mitochondria rather than as 
cytosolic free Ca 2+ . This suggestion is consistent with 
the fact that the high K + -induced increase in 45 Ca 2 + 
uptake (100 to 300 fimaVkg wet tissue; Van Breemen et 
aL, 1972; Karaki and Weiss, 1979) is much higher than 
the amount of Ca 2+ necessary to induce contraction in 
permeabilized smooth muscle fibers (0,3 to 3 /xM; Endo et 
aL, 1977). Thus, high K + -induced depolarization, in- 
creased Ca 2+ influx, and accumulation of mitochondrial 
Ca 2 constitute a sequential process, and the final step 
in this sequence can be specifically prevented by mito- 
chondrial inhibitors. Thorens and Haeusler (1979) found 
that papaverine inhibited 45 Ca 2+ uptake at a concentra- 
tion 10 times lower than that needed to inhibit high 
K" -induced contraction in the rabbit aorta. Since papav- 
erine is a potent inhibitor of mitochondrial function 
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(Tsuda et al. t 1977), this result also provides support for 
the sequence of events outlined above. 

In the presence of high K*, large amounts of Ca 2+ 
entered the cell and were accumulated in mitochondria. 
Conversely, norepinephrine alone did not increase Ca 2+ 
in mitochondria. However, norepinephrine can also in- 
crease Ca 2+ influx because norepinephrine increased 
mitochondrial Ca 2 * uptake in the presence of high K* 
(Karaki and Weiss, 1979, 1981b; Meisheri et aL, 1981), 
This result also suggests that high K + may augment 
mitochondrial Ca 2 * accumulation. Another alternative 
possibility is that high K 4 " may inhibit membrane Ca 2+ 
extrusion to increase [Ca 2+ ] i to a level high enough to 
stimulate mitochondrial uptake of Ca 2+ at sites of low 
Ca 2 * affinity. However, this is not likely because inhi- 
bition of mitochondrial Ca 2+ uptake did not change the 
sustained level of the high K + -induced contraction 
(Karaki et aL, 1982), Since Ca 2+ at 1 jlM induces maxi- 
mum contractile responses in permeabilized smooth 
muscle, norepinephrine and high K + may increase 
[Ca 2+ ] i to this level. Such a small increase may not be 
detectable by the lanthanum method because the resting 
level of Ca 2 * uptake is as much as 50 to 300 /xmol/kg wet 
tissue (Van Breemen et aL, 1972; Karaki and Weiss, 
1979). 

The effects of Ca 2+ channel blockers on 45 Ca 2 * uptake 
in the rabbit aorta are also of interest. The same con- 
centrations of methoxyverapamil inhibited both high 
K + -induced 45 Ca 2+ uptake and contraction (Meisheri et 
aL , 1981). Similar results were obtained with nisoldipine 
(Van Breemen et aL, 1985), verapamil (Karaki et aL, 
1984), and diltiazem (Van Breemen et aL, 1981, 1984; 
Cauvin et aL, 1984a, b). These results indicate that the 
high K + -induced contraction results from Ca 2 * influx 
through the pathway sensitive to Ca 2+ channel blockers. 
In contrast to this, methoxyverapamil at concentrations 
that almost completely inhibit the high K*-induced 
changes had almost no inhibitory effects on that portion 
of the ^Ca 2 * uptake and the accompanying contraction 
obtained with a high concentration of norepinephrine 
(10 jjM). Higher concentrations of methoxyverapamil in- 
hibited the norepinephrine-stimulated 45 Ca 2 * uptake 
with little inhibitory effect on contraction. Nisoldipine 
(Van Breemen et aL, 1985) and diltiazem (Cauvin et aL, 
1984b; Van Breemen et aL, 1984) had similar selective 
inhibitory effects on 45 Ca 2 * uptake. These results sug- 
gest that a portion of the contraction induced by a high 
concentration (10 jiM) of norepinephrine in rabbit aorta 
is due to Ca 2 * influx through a pathway less sensitive to 
Ca 2 * channel blockers and that another portion of the 
contraction is not dependent on the increase in Ca 24 " 
influx. Contractions which are not dependent on Ca 2 * 
influx have been found to be due to both an activation of 
nonselective cation channels and an increase in Ga 2+ 
sensitivity, as discussed in sections ILD, and IIIA, 

It should also be noted that norepinephrine has con- 
centration-dependent dual effects on 45 Ca 2 * . influx. 



Compared to 45 Ca 2 * uptake and contraction stimulated 
by high K + , the 45 Ca 2 * uptake and contraction elicited 
with higher concentrations of norepinephrine are less 
sensitive to inhibition by Ca a+ channel blockers, and 
those stimulated by lower concentrations of norepineph- 
rine are more sensitive to Ca 2+ channel blockers than 
are those stimulated by high K + (Van Breemen et aL, 
1981, 1984). Furthermore, the 45 Ca 2+ influx pathway in 
resistance vessels stimulated by higher concentrations 
of norepinephrine is more sensitive to Ca 2 * channel 
blockers than is the corresponding pathway in the aorta. 
Mechanisms of these differences are explained by acti- 
vation of different Ca 2 "*" entry pathways, as is discussed 
in subsequent sections. 

3. Suggested calcium movements in smooth muscle. 
Based on these observations, Bolton (1979) and Van 
Breemen et al. (1979), independently, suggested that the 
mechanisms of the increase in [Ca 2 * jj in smooth muscle 
can be explained by two different Ca 2 * influx pathways: 
receptor-linked and voltage-dependent Ca 2 ^ channels 
(fag. 1). High K* induces membrane depolarization 
which, in turn, opens the voltage-dependent Ca 2 * chan- 
nel. This channel is inhibited by agents blocking Ca 2+ 
channels including verapamil, nifedipine and La 3 *. In 
contrast, norepinephrine releases Ca 2 * from storage 
sites to induce initial transient contractions and subse- 
quently opens the receptor-linked Ca 2 * channel that is 
controlled by receptors for contractile agonists. In the 




Fig. 1. Calcium movements predicted mainly from contraction. 
High K* depolarizes the membrane, opens the voltage- dependent 
Ca 2 ' channel, increases Ca 2 " 1 influx, and elicits sustained contrac- 
tion (.1). Because the voltage -de pen dent Ca 2 * channel is inhibited by 
Ca 2 * channel blockers, contractions elicited by high K**~ are inhibited 
by this type of blocker. In contrast, norepinephrine elicits Ca 2 * 
release from the SR and initiates contraction (2), Because the 
amount of Ca 2 * stored in the SR is limited, contraction due to Ca a 1 
release is transient, Ca 2 ^ channel blockers do not inhibit Ca 2r re- 
lease. Norepinephrine also opens the receptor-linked Ca 2 "'' channel, 
increases Ca 2 ' influx, and elicits sustained contraction (3). Calcium 
channel blockers only weakly inhibit the receptor-linked Ca 2 * chan- 
nel. Thus, norepinephrine-induced contraction is less sensitive to 
Ca 2 * channel blockers than is high K*-induced contraction. This 
schema can now be revised as shown in figure 7. 
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aorta, this channel is less sensitive to Ca 2+ channel 
blockers than is the voltage-dependent Ca 2+ channel 
Opening of either of these channels results in a contin- 
uous Ca 2+ influx to induce sustained contraction. Exis- 
tence of two types of Ca 2_f channels seemed to be indi- 
cated by the findings in rabbit aorta that both the rates 
and total amounts of 45 Ca 2+ uptakes, stimulated by 
maximally effective concentrations of both high and 
norepinephrine, are additive when the two agents were 
present at the same time (Karaki and Weiss, 1979, 
1980a, b; Meisheri et al. f 1981), As discussed later, how- 
ever, it now appears that high K"*" and norepinephrine 
open the same L-type Ca 2 " channel and that norepi- 
nephrine may also open a receptor-regulated nonselec- 
tive cation channel which conducts Na + , K + , and Ca 2+ . 
High K + and norepinephrine showed an additive effect 
on 45 Ca 2 " i ' uptake not only because norepinephrine acti- 
vated both the L-type Ca 2+ channel and nonselective 
cation channel but also because high K + activated mi- 
tochondrial Ca 2_! ~ uptake. Furthermore, changes in Ca 2 ^ 
sensitivity of contractile elements were not considered 
at the time. 

C. Measurements of Cytosolic Free Calcium Level 

1. Aequorin. Aequorin is a Ca 2 * binding protein first 
extracted from the jelly fish, Aequorea aequorea, by Shi- 
momura et al, (1962). This protein emits light at 465 nm 
in the presence of Ca 2 ^\ Ridgway and Ashley (1967) 
injected this photoprotein into barnacle single muscle 
fibers and measured [Ca 2+ ]j by monitoring changes in 
aequorin light. This method was applied to a single 
smooth muscle cell by Fay et al. (1979). Morgan and 
Morgan (1982, 1984a, b) loaded the 21-kDa photoprotein 
into smooth muscle cells of ferret portal vein by tran- 
siently increasing the membrane permeability using a 
high concentration of EGTA, and measured [Ca 2 "^ and 
contraction in isolated smooth muscle strips. They found 
that high K + induced a sustained increase in [Ca z+ ] i 
during sustained contraction, and both increases were 
inhibited by a decrease in extracellular Ca 24 " concentra- 
tions (Morgan and Morgan, 1982, 1984a, b; De Feo and 
Morgan, 1985). This supports the view that the high 
K + -induced contraction is due to an increase in [Ca 2+ ] s 
resulting from activation of Ca 2+ influx. In contrast, 
stimulation of the ^-adrenoceptors by phenylephrine in- 
duced a rapid rise of [Ca 2 *^ to a maximum from which 
it decreased rapidly to a lower level and then declined 
more slowly, staying only slightly above basal [Ca 2+ ] f . 
At the same time, muscle tension rapidly increased to a 
maximum level and remained elevated as long as stim- 
ulation continued. During the phenylephrine-induced 
sustained contraction, removal of external Ca 2 " de- 
creased [Ca 2 *^ to a level lower than basal [Ca 2 ^] i and 
partially inhibited the contraction. From these results, it 
was postulated that the contractions induced by phen- 
ylephrine and high K + are due to elevation of fCa 2 ^ 
above baseline, and that phenylephrine may increase 



the effectiveness of Ca 2+ on the contractile apparatus 
(Morgan and Morgan, 1984b). Receptor agonists pro- 
duced a larger force at a given [Ca 2- ^ than did high K + 
during the period of force maintenance also in ferret 
aorta (Suematsu et al., 1991b), rabbit aorta (Takuwa 
and Rasmussen, 1987), guinea pig aorta (Jiang et al., 
1994), swine carotid artery (Rembold and Murphy, 
1988a; Rembold, 1990) and canine and bovine trachea 
(Gerthohoffer et al., 1989; Takuwa et al., 1987). 

Although the agonist-induced sustained phase of the 
aequorin signal was believed to represent average 
[Ca interpretation of the initial large transient in- 
crease in the aequorin signal was difficult. Measuring 
the light intensity of the aequorin signal, the peak level 
of the initial transient phase was 10 to 20 times higher 
than that of the sustained level (Abe et al., 1995). Ae- 
quorin has three Ca 2+ binding sites in its molecule and 
occupation of at least two binding sites by Ca 2 * results 
in radiation. Thus, the amount of radiation is propor- 
tional to 2.5 th power of the Ca 2+ concentration (Blinks et 
al., 1978). Calculating the Ca 2 " concentration from light 
intensity by logarithmic transform, the agonist-induced 
transient phase of [Ca 2 ^ is still 2.5 to 3.3 times higher 
than that of the sustained level. This result is different 
from that obtained with a fluorescent Ca 2+ indicator, 
fura-2, which indicated that the peak levels of the ago- 
nist-induced transient and the sustained phases were 
almost identical (Abe et al., 1995). Furthermore, the 
agonist-induced initial increase in [Ca 2 ^ was much 
larger than the sustained increase or the increase in- 
duced by high K + . Even so, the initial transient contrac- 
tion was much smaller than that expected from the 
increase in [Ca 2+ ]j. Another interesting finding is that 
the initial transient increase in aequorin signal was 
rapidly desensitized by repeated applications of agonist 
although contractions did not change (Rembold and 
Murphy, 1988b; Abe et al., 1995). The most likely expla- 
nation for the initial transient aequorin signal is that it 
represents the local increases in TCa 2 ^]^ as discussed 
later (see section ILEX). 

2. Fluorescent indicators, A new fluorescent Ca 2+ in- 
dicator, quin2, was synthesized by Tsien (1980). This 
was soon followed by the second generation of indicators 
including fura-2 and indo-1 (Grynkiewicz et al., 1985). 
These indicators are not membrane-permeable. To in- 
crease permeability, an acetoxymethyl radical is at- 
tached to these indicators. After loading smooth muscle 
cells with the acetoxymethyl esters of these indicators, 
the acetoxymethyl moiety is cleaved by endogenous es- 
terases and the indicator is trapped in the cell. 

Measurements of [Ca 2 ^ by the fluorescent indicators 
in smooth muscle tissues are much more difficult than in 
single cells. Abe and Karaki (1989) reported that, when 
5 uM acetoxymethyl ester of fura-2 (fura-2/AM) was 
added to PSS, most of fura-2/AM was precipitated, and 
only 1 fiM was detected in the solution. Using this solu- 
tion, smooth muscle strips were not loaded with fura-2/ 
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AM, although platelets and single smooth muscle cells 
took up fura-2/AM, Centrifugation of this solution at 
10,000 X g for 2 min decreased the effective concentra- 
tion of fura-2/AM to approximately 70% and there was 
no detectable fura-2/AM in the supernatant after a cen- 
trifugation at 50,000 X g for 20 min. This result indi- 
cates that fura-2/AM is insoluble in PS3, that only a 
small amount disperses as particles of various sizes, and 
that most of the particles are so large they are not able 
to enter the extracellular matrix of the smooth muscle 
tissues. To solubilize fura-2/AM, it is necessary to add 
small amounts of detergent and apply strong ultrasonic 
waves. Using this procedure, smooth muscle tissues can 
be loaded with fura-2/AM. 

Using fura-2 as an indicator, Ozaki et al. (1987c), in 
vascular tissue, and Himpens et al, (1988), in intestinal 
tissue, succeeded in obtaining simultaneous measure- 
ments of [Ca 2 *]j and contraction. They found that 
[Ca^Jj measured with fura-2 showed better correlation 
with contraction than did [Ca 2 ^ measured with ae- 
quorin. In rat aorta, both high and norepinephrine 
induced the sustained increases in [Ca 2+ ]i during sus- 
tained contraction (Ozaki et ah, 1987c; Sato et al. f 
1988a), In guinea pig ileum and taenia coli, high K + 
elicited the sustained increases in [Ca 2 ^ and sustained 
contractions, whereas carbachol elicited the transient 
increases in [Ca 2t ]j and transient contractions (Him- 
pens et aL, 1988; Ozaki et al., 1988; Mitsui and Karaki, 
1990), 

Scanlon et al, (1987) and Malgaroli et al. (1987) re- 
ported a method to calculate Ca 24 * concentrations from 
fura-2 fluorescence in various types of animal tissues. 
However, it is difficult to obtain reliable values because 
of various limitations of fluorescent Ca 2+ indicators (see 
Karaki, 1989a), Among these, the most serious problem 
is that the change in dissociation constant (K d ) of fura-2 
for Ca 2-S \ The K d value measured in vitro is different 
from that in cytoplasm mainly because fura-2 binds to 
cytosolic proteins, changes K dt and changes its fluores- 
cent characteristics (Konishi et al,, 1988; Abe and 
Karaki, 1989; Mitsui and Karaki, 1990; Groden et al., 
1991; Hochstrate and Juse, 1991). Furthermore, endog- 
enous fluorescence, the intensity of which is also regu- 
lated by [Ca 24 1i (Ozaki et al., 1988), interferes with the 
fura-2 fluorescence. Furthermore, fura-2 leaks out of the 
cell relatively rapidly (Mitsui et aL, 1993), Despite these 
difficulties, it was suggested that resting [Ca 24 ^ is 100 
to 200 nM and that high K + and receptor agonists in- 
crease [Ca 2 ^ to 300 to 1500 nM in vascular (Sato et ah, 
1988a) and intestinal smooth muscle (Himpens et aL, 
1988; Ito et al., 1988; Yagi et aL, 1988; Mitsui and 
Karaki, 1990), These results support the suggestion that 
smooth muscle contractility is primarily regulated by 
changes in [Ca 2 *]^ 

However, dissociation was observed between [Ca 2 *]j 
and contraction in muscles stimulated with different 
agonists. In rat aorta, the maximum effective concentra- 



tion of norepinephrine induced a smaller increase in 
[Ca 2+ ]| than did the maximum effective concentration of 
KC1 even though the norepinephrine-induced contrac- 
tion was larger than that induced by high K + (Sato et 
aL, 1988a; Karaki et al., 1988a), although the dissocia- 
tion was much smaller than that measured with ae- 
quorin. Similar results were obtained with other ago- 
nists including endothelin-1 (Sakata et al. r 1989; 
Kodama et aL, 1994; Sudjarwo et aL, 1995; Karaki and 
Matsuda, 1996), prostaglandin F 2a (Ozaki et aL, 1990c; 
Balwierczak, 1991), serotonin (Thorin-Trescases et aL, 
1990), carbachol (Ozaki et al., 1990b; Himpens and 
Casteels, 1990), clonidine (Takayanagi and Onozuka, 
1990), thromboxane analog (Himpens et aL t 1990), pilo- 
carpine (Takayanagi and Ohtsuki, 1990; Takayanagi et 
aL, 1990), acetylcholine (Sato et al., 1994a) and neuro- 
kinin A (Sato et aL, 1994b). These results support the 
view that agonists can increase Ca 2+ sensitivity of con- 
tractile elements (see section III.), In guinea pig ileum 
(Matthijs et aL, 1990; Himpens and Casteels, 1990), in 
contrast, the Ca 2+ sensitivity of the contractile elements 
was decreased during the sustained response to high 
K + , whereas no changes were observed during pro- 
longed stimulation with substance P. Some relaxants 
showed different types of dissociation. Relaxants which 
increase cyclic AMP and cyclic GMP relaxed smooth 
muscle stimulated by high K" or receptor agonists with 
a smaller inhibitory effect on [Ca 2+ ]j, suggesting that 
both of these cy clic nucleotides decrease Ca 2+ sensitivity 
of contractile elements (see sections III, and IV.A.2, and 
3,). ■ 

Because of various problems related to [Ca 2 ^ \ mea- 
surements using intracellular indicators, however, ob- 
served dissociation between [Ca 2 "]^ and contraction may 
be due to artifacts. These include uneven distribution of 
indicator in the cell, interference of the Ca 2 " signal by 
endogenous fluorescent substances, and heterogeneous 
cell population in sample cells and tissues. Uneven dis- 
tribution of Ca 2 ^ in the cell may also affect the relation- 
ship between contraction and average [Ca 2 *^ in the cell. 
To confirm the changes in Ga 2+ sensitivity, therefore, it 
is necessary to measure the [Ca 2+ ] r force relationship 
using a completely different method. Permeabilized 
smooth muscle preparations are generally used for this 
purpose (Endo et al., 1977; Pfitzer, 1996) and the effects 
of agonists and cyclic nucleotides on Ca 2 * sensitivity are 
confirmed using this method. In the muscle permeabil- 
ized with a-toxin or j3-escin, however, Kerrick and Hoar 
(1994) reported the possibility that the adenosine 5'- 
diphosphate (ADP)/ATP ratio within the cell is changed 
and the cells are not freely permeable to Ca 2+ -ethyl- 
eneglycoltetraacetic acid. Care must be taken to make 
sure that the concentrations of intracellular ADP, ATP, 
and Ca 2+ are held constant. Differences between the 
aequorin signal and the fura-2 signal may be due to 
characteristics of aequorin including: 1) insensitivity at 
low Ca 2 " concentrations and resulting difficulty in de- 
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tection of [Ca 2 *^ changes near the resting level, 2) non- 
linear response that results in an exaggerated effect in 
producing light if localized high concentrations of Ca 2+ 
exist, and 3) possible inhomogenous distribution of ae- 
quorin in the cell (Karaki, 1989a; Somlyo and Himpens, 
1989). 

D. Mechanisms of Calcium Mobilization 

i. Voltage-dependent calcium channels. There are six 
subtypes of voltage-dependent Ca 2 " 1 channels: N-, P-, 
Q-, and T-type. In smooth muscle, only the L-type 
Ca 2H " channel is considered to be a major Ca 2 '* influx 
pathway (Vogalis et ah, 1991; Ganitkevich and Isenberg, 
1991; Kuriyama et aL, 1995; Knot et al. f 1996; Hofmann 
and Klugbauer, 1996), This channel is activated by 
membrane depolarization and inhibited by Ca 2+ chan- 
nel blockers (see Godfraind et al, 1986). Agonists open 
this channel by depolarizing the cell membrane through 
activation of the nonselective cation channel (Pacaud 
and Bolton, 1991) r inhibition of the K + channel and/or 
activation of the Cl~ channel (Kremer et aL, 1989; Pac- 
aud et ah, 1991; Miyoshi and Nakaya, 1991; Iijima et ah, 
1991). Furthermore, agonists may open the L-type Ca 2+ 
channels directly or indirectly through GTP-binding pro- 
teins in the absence of membrane depolarization (Nelson 
et al., 1988; Worley et aL, 1991; Welling et al., 1992a, b, 
1993; Tomasic et aL, 1992; Kamishima et aL, 1992). 

The L-type Ca 2 " channel is rapidly desensitized dur- 
ing sustained depolarization. However, high K + -induced 
depolarization induces a sustained increase in [Ca 2+ ] s 
and a sustained contraction. Electrophysiological stud- 
ies showed that depolarization increased Ca 2+ current, 
reaching a peak at about 10 ms and then decreasing to a 
very low level. This small inward current is termed the 
nonin activating current, which is responsible for the 
sustained increases in [Ca 24 "^ (Imaizumi et aL, 1991; 
Fleischmann et aL, 1994; Nakayama et aL, 1996). 

In rat aorta, a Ca 2 ^ channel blocker, verapamil, in- 
hibited both the increase in [Ca 2+ ] f and the accompany- 
ing contraction induced by high K + in a concentration- 
dependent manner. As shown in fig. 2, higher 
concentrations of verapamil completely inhibited both 
the increase in [Ca 2 "^ and the contraction induced by 
high (Sato et al., 1988a; Karaki et aL, 1991). Vera- 
pamil also inhibited the norepinephrine-induced in- 
crease in [Ca 2 ^ in a concentration-dependent manner. 
Similar results were obtained with other Ca 2 ** channel 
blockers in other types of smooth muscle stimulated 
with other agonists, suggesting that the effects of vera- 
pamil are not due to nonselective inhibitory effects (see 
section rV,D,l.). These results do not support the idea 
that agonists open the receptor-linked Ca 2 * channel, 
which is resistant to Ca 2+ channel blockers (fig, 1). 
Norepinephrine and other agonists seem to open the 
same verapamil-sensitive, L-type Ca 2 " channel as does 
high PC, and this channel may be the major Ca 2+ influx 
pathway in smooth muscle. 
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Fig. 2. Changes in [Ca 2 *]; and contraction induced by high K* 
and norepinephrine in the rat aorta without endothelium. Changes 
in [Ca *] t and contraction were measured simultaneously in the 
tissues loaded with a fluorescent Ca 2+ indicator, fura-2. (A and B): 
Effects of 72.7 KC1 and 1 fim norepinephrine, respectively. Ad- 
dition of a stimulant increased both [Ca 2 ^ and muscle tension. 
Addition of 10 mM verapamil almost completely inhibited [Ca 2 + ], 
stimulated by high K* or norepinephrine. High IC -induced contrac' 
tion was also strongly inhibited (A). However, norepinephrine-in- 
duced contraction was only partially inhibited (B). Decrease in ex- 
ternal Ca 2 " by 4 ethyleneglycoltetraacetc acid (EGTA) decreased 
[Ca 2+ j i below the resting level and further inhibited the norepineph- 
rine-induced contraction. However, a small portion of the contraction 
was resistant to EGTA (B). (C): Effects of norepinephrine in the 
presence of verapamil. Ten minutes after the addition of 10 mM 
verapamil, 1 norepinephrine was added, which elicited a tran- 
sient increase in [Ca*"J f followed by a small sustained increase. 
These changes were followed by rapid increase in muscle tension 
followed by sustained contraction that was smaller than that ob- 
served in the absence of verapamil in (B). <D); Effects of norepineph- 
rine in the presence of EGTA. Five minutes after the addition of 4 
mM EGTA, 1 ^iM norepinephrine was added. Norepinephrine elicited 
only a small transient increase in [Ca 2+ ] s , accompanied by a rapid 
increase in muscle tension followed by a small sustained contraction 
that was smaller than that observed in the presence of verapamil in 
(C). (Modified from Ozaki et al, 1990c and Karaki et al., 1991). 

The L-type Ca 2+ channel activity is regulated also by 
the SR. Depletion of SR Ca 2+ by ryanodine in rat femo- 
ral artery increased [Ca 2 ^ and muscle tone, both of 
which were inhibited by verapamil (Kojima et ah, 1994). 
In rat aorta (Sekiguchi et al,, 1996), inhibition of the SR 
Ca + pump by cyclopiazonic acid depolarized the mem- 
brane and increased [Ce? + \. In guinea pig ileum 
(Uyama et al., 1993), cyclopiazonic acid also increased 
[Ca 2+ ] i and muscle tone both of which were inhibited by 
verapamil Depletion of SR Ca 2+ may inhibit the Ca 2 ^- 
activated K + channel, depolarize the membrane and 
open the L-type Ca 2+ channel. Agonists that release 
Ca 2 " from the SR may have similar effects. 

Calcium entry through the L-type Ca 2 " channel is 
important to maintain the basal tone of smooth muscle 
(Rubart et aL, 1966), especially in the arteries of spon- 
taneously hypertensive rats (Sada et aL, 1990; Sasaki et 
aL, 1993; Asano et aL, 1993, 1995b), Stretching vascular 
tissues activates the L-type Ca 2+ channels and increases 
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basal tone in coronary artery and basilar artery (Na- 
kayama and Tanaka, 1989, 1993). 

The L-type Ca 24 " channel is activated by the j3-adreno- 
ceptor in the cells isolated from tracheal (Welling et aL, 
1992a, b), rabbit ear artery (Benham and Tsien, 1988), 
guinea pig taenia coli (Muraki et al., 1993), rat aorta 
(Neveu et al., 1994) and rabbit portal vein (Xiong et aL, 
1994). Although opening of the L-type Ca 24 " channels 
increase [Ca 2 "] i? at least in a part of the smooth muscle 
cell, stimulation of the ^-adrenoceptors induce relax- 
ation but not contraction. This discrepancy may be ex- 
plained by the increase in cyclic AMP and also by the 
presence of a noncontractile Ca 2+ compartment in the 
cell (see sections IILB. and IV.A,2,), 

2, Nonselective cation channel and calcium release- 
activated calcium channel. Although the larger part of 
the agonist-induced Ca 24 " increase was inhibited by 
Ca 24 " channel blockers, a part of the increase was not. 
Verapamil did not completely inhibit the norepineph- 
line-induced increase in [Ca 2+ \ at concentrations which 
completely inhibited the high K + -induced increase in 
[Ca 24 "^ (Karaki et aL, 1988a). Similar results were ob- 
tained with other Ca 2+ channel blockers in other types 
of smooth muscles stimulated with other agonists 
(Sakata et al., 1989; Ozaki et al, 1990c; Sakata and 
Karaki, 1992; Hori et aL, 1992), In the presence of ve- 
rapamil, norepinephrine elicited a transient increase in 
[Ca 2 *]j followed by a small sustained increase in the rat 
aorta (fig, 2). Since the transient increase in [Ca 2+ ]i was 
inhibited by inhibitors of SR function such as ryanodine 
and thapsigargin, this increase may result from Ca 24 " 
release from the SR by a mechanism that is insensitive 
to verapamil. In contrast, the small sustained increase 
in [Ca 24 *]^ which was insensitive to verapamil, was in- 
hibited by micromolar concentrations of La 3+ (Harada et 
al., 1994, 1996). Since the Ca 2 " channel blockers are 
believed to selectively inhibit the L-type Ca 24 * channel 
(see review by Godfraind et aL, 1986; Catterall, 1993; 
Kuriyama et aL, 1995), and since La 3 * inhibits both the 
L-type and non-L-type Ca 2+ channels (Weiss, 1974, 1977, 
1996; Ruegg et al,, 1989; Hescheler and Schultz, 1993; 
Krautwurst et aL, 1994; but see Inoue and Chen, 1993), 
these results suggest that the norepinephrine-induced 
increase in [Ca 2+ ]j is due to Ca 24 * influx through both 
the L-type and non-L-type Ca 24 " channels. Enoki et al. 
(1995a, b) also showed that endothelin-l-induced Ca 2 * 
influx, which was insensitive to Ca 24 " channel blockers, 
was inhibited by a putative inhibitor of nonselective 
cation channel, mefenamic acid. Electrophysiological 
studies have also shown that receptor agonists activate 
the L-type Ca 2 "*" channel and also the nonselective cation 
channel which is permeable to Ca 24 (Nelson et al., 1988; 
Kuriyama et aL, 1995; Knot et al. r 1996), In cultured 
A10 smooth muscle cells, it was suggested that receptors 
are directly coupled to the non-L-type Ca 2 " entry path- 
ways (Simpson et al., 1990). 



In some vascular smooth muscles, Ca 24 ^ influx 
through the non-L-type Ca 2+ influx pathway does not 
seem to induce contraction. In rat aorta, the ATP-in- 
duced sustained increase in [Ca 24 "] it which is due to 
Ca 2 ^ influx, was only slightly inhibited by verapamil 
(Kitajima et al., 1994). Electrophysiological studies 
showed that ATP opens a nonselective cation channel 
which permits Ca 24 " entry; this may be the mechanism of 
Ca 24 " influx induced by ATP (Benham and Tsien, 1987; 
Benham, 1992). In single patch-clamped smooth muscle 
cells of rat portal vein (Pacaud et al,, 1994), ATP-in- 
duced Ca 24 " influx through nonselective cation channels 
activated the Ca 2+ -induced Ca 24 " release from the SR. 
However, ATP induced much smaller contractions than 
predicted from the increase in [Ca 24 ^ (Kitajima et al., 
1993, 1996a). This dissociation may be explained by the 
presence of a noncontractile Ca 24 " compartment in the 
cell (see section ILE.l.). 

Another Ca 24 " influx pathway which is not inhibited 
by Ca 2 * channel blockers is the Ca 2 * release-activated 
C a 2 + channel (CRAC) or capacitative Ca 24 " entry path- 
way (Putney, 1990). In smooth muscle, Cast eels and 
Droogmans (1981) first suggested a possibility that 
there is a coupling between the peripheral SR and the 
surface membrane, allowing a one way rapid inward 
movement of Ca 24 \ Cauvin et aL (1983, 1984b) reported 
that lower concentrations of norepinephrine had less 
ability to release intracellular Ca 24 ", that norepineph- 
rine did not release intracellular Ca 24 " in the resistance 
arteries, and that Ca 2+ channel blockers inhibited Ca 24 " 
influx only in the resistance arteries. Their results sug- 
gest that Ca 2+ release opens a Ca 2+ influx pathway 
which is not sensitive to Ca 2 * channel blockers. In cul- 
tured vascular A10 cells, inhibition of the SR Ca 2 * pump 
by thapsigargin mobilized an IP 3 -sensitive SR Ca 24 " pool 
and activated Ca 2 * entry through a nicardipine-insen- 
sitive pathway (Xuan et aL, 1992), In A7r5 cells (Byron 
and Taylor, 1995), arginine-vasopressin increased 
[Ca 2 *^ by two different pathways, one of which is acti- 
vated by depletion of SR Ca 2 *, In rabbit inferior vena 
cava, inhibition of SR Ca 24 " accumulation by caffeine, 
ryanodine, and thapsigargin increased the steady-state 
[Ca 24 "]i (Chen and Van Breemen, 1993). In rat aorta, 
depletion of a Ca 24 store by ryanodine and caffeine 
increased [Ca 2 *}j and muscle tone, both of which were 
insensitive to nicardipine (Hisayama et aL, 1990). In 
bovine and porcine coronary arteries, ryanodine in- 
creased [Ca 2+ ]i (Wagner-Mann et al,, 1992). In rat ileum 
(Ohta et al., 1995), the application of Ca 24 " after expo- 
sure to a Ca 2 *-free solution caused a small contraction 
and a rise in [Ca 2 *];, both of which were potentiated 
when the muscle was challenged with carbachol or caf- 
feine before the addition of Ca 24 ". Inhibition of SR Ca 24 
pump by cyclopiazonic acid increased the Ca 24 " -induced 
responses. Increases in [Ca 2 *]* and contraction were 
inhibited by Cd 24 ", Ba 2 *, Ni 2 *, or La 34 ", but not by me- 
thoxyverapamil and nifedipine (Ohta et aL, 1995). These 
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results suggest the existence of CRAC in smooth muscle, 
and that an increase in [Ca 2 *^ due to this mechanism is 
coupled to contraction. In ferret portal vein (Abe et aL, 
1996) and urinary bladder, however, the increases in 
[Ca 2+ ] i due to CRAC does not seem to induce contrac- 
tions (see section II.E.l.). 

3. Sodium-calcium exchange. Bohr (1964) and Reuter 
et al. (1973) originally reported the contraction in rabbit 
aorta under conditions which implicate a Na^/Ca 2+ ex- 
change mechanism (Na + pump inhibition or Na^-free 
solution), although some of these effects were found to be 
evoked by the release of endogenous catecholamines pos- 
sibly due to Ca 24 * influx into adrenergic nerves (Karaki 
and Urakawa, 1977; Bonaccorsi et al., 1977; Karaki et 
al., 1978; Rembold et al., 1992). Experiments using a 
membrane-enriched microsomal fraction and smooth 
muscle cells revealed the presence of Na^-dependent 
Ca 2 ^ influx and efflux in smooth muscle of swine stom- 
ach (Raeymaekers et aL, 1985), bovine trachea, porcine 
aorta and bovine aorta (Slaughter et al., 1987, 1989) and 
rat aorta (Nabel et al., 1988). Lowering external Na + 
concentration or increasing [Na + Ji elevated [C'a 2+ ]j in 
guinea pig taenia coli (Pritchard and Ashley, 1986, 
1987), rat aorta (Matlib et al, 1986), swine carotid ar- 
tery (Rembold et al., 1992), human mesangial cells 
(Mene et al., 1990), cultured vascular smooth muscle 
(Batlle et aL, 1991), the A10 cells (Gillespie et aL, 
1992a), and the A7r5 cells (Vigne et al., 1988; Bova et aL,' 
1990; Gillespie et aL, 1992b; Borin et aL, 1994). The 
molecular structure of the Na"*7Ca 2 " exchanger was also 
clarified (Nicoll and Philipson, 1991). 

Calcium influx mediated by Na + /Ca 2+ exchange in- 
duces contraction in some types of smooth muscle. In 
guinea pig aorta, ouabain and K^-free solution induced 
sustained contraction with an increase in 45 Ca 2 " influx 
(Ozaki et aL, 1978; Ozaki and Urakawa, 1979, 1981a) 
and an increase in [Ca 2- ^ measured with fura-2 
(Iwamoto et aL, 1992). In this preparation, Na^-free 
solution alone induced sustained contraction, which was 
enhanced after loading with Na + by pretreatment with 
ouabain (Ozaki and Urakawa, 1981b). Slodzinski et aL 
(1995) reported that inhibition of NaVCa 2 * exchange by 
antisense in cultured arterial myocytes increased rest- 
ing [Ca 2- ^ and inhibited the ouabain-induced augmen- 
tation of the agonist-induced increase in [Ca 2 *]^ In rab- 
bit aorta, Khoyi et aL (1991) found that the 46 Ca 2+ 
uptake increased in the absence of external Na 4 ". 

Na"7Ca 2 " exchange may be important for Ca 2+ extru- 
sion because, in the membrane fraction of bovine aortic 
smooth muscle, the NaVCa 2 " - exchanger has 3-6-fold 
transporting capacity than that of sarcolemmal Ca 2+ - 
ATPase (Slaughter et aL, 1989). Furthermore, co-local- 
ization of the Na + /Ca 2_f exchanger, Na*-K + pump, and 
a marker of the SR, calsequestrin, has been defined by 
high resolution, three dimensional microscope (Moore et 
aL, 1993), suggesting a linkage between Na"7Ca 2+ ex- 
change and Ca 2 "*" release from the SR. In A7r5 cells, 



ouabain increased both [Nali and [Ca 2 ^, and greatly 
augmented the release of Ca 2+ from the SR evoked by 
thapsigargin, vasopressin and serotonin (Borin et aL, 
1994). Ouabain increased membrane-bound Ca 2+ mea~ 
sured with chlortetracycline, and this increase was in- 
hibited by thapsigargin or caffeine. These results sup- 
port the existence of functional linkage between Na"7 
Ca 2 + exchange and the SR. Ouabain may increase SR 
Ca 2 " by increasing [Na + ]. and indirectly increasing 
[Ca 2 "^ via NaVCa 2H ~ exchange across the sarcolemma. 
Most of Ca 2+ that enters the cytoplasm is then stored in 
the SR, and this extra Ca 24 " in SR can be mobilized so 
that the subsequent vasoconstrictor-evoked transient 
increases in [Ca 2 "^ are amplified. 

In contrast to the above results, others reported that 
Na*7Ca 2+ exchange plays little role in cellular Ca 24 " 
homeostasis (Droogmans and Casteels, 1979; Aaronson 
and Van Breemen, 1981; Mulvany et aL, 1984). Na^- 
depletion alone did not increase muscle tone in rat aorta 
and mesenteric artery, whereas contractions induced by 
high K + , serotonin and arginine-vasopressin were aug- 
mented by low Na+ solution (Bova et aL, 1990). Also, in 
guinea pig coronary myocytes, removal of extracellular 
Na + induced large increases in [Ca 2 ^ only in Na + - 
loaded cells, although either Na* removal alone or Na + 
loading alone did not change [Ca 2+ ] i (Ganitkevich and 
Isenberg, 1993a). These results support the suggestion 
that Na + /Ca 2 * exchange is of minor importance for the 
increase in [Ca 2 ^ as long as [Na^ is kept at physio- 
logical level. Aaronson and Benham (1989) reported 
that, in guinea pig urethra, although Na"7Ca 2+ ex- 
change can modulate [Ca 24 ^ when [Na^Ji and mem- 
brane potential are at or near their physiological levels, 
[Ca 2 " + *] i is regulated mainly by a Na ^-independent Ca 2+ ' 
extrusion system. Morel and Godfraind (1984) showed 
that Na"/Ca 2+ exchange had a lower capacity, a lower 
affinity, and a slower rate than the ATP-dependent Ca 2+ 
pump in plasmalemmal vesicles isolated from guinea pig 
ileum and aorta. In equine airway myocytes, the time 
constant for the decay in [Ca 2 "^ after the stimulation of 
Ca + influx by depolarization pulse was not decreased in 
the absence of external Na + (Fleischrnann et al. t 1996). 
Similar results were obtained in guinea pig coronary 
myocytes (Ganitkevich and Isenberg, 1993a). 

The inconsistent results for the physiological signifi- 
cance of Na"7Ca 2+ exchange may be due to differences 
between different species and different tissues (Ozaki 
and Urakawa, 1981a; Petersen and Mulvany, 1984). 

4. Calcium release from the sarcoplasmic reticulum. 
Measuring [Ca 24 ^ in the SR in saponin-permeabilized 
cultured A7r5 aortic smooth muscle cells using a fluo- 
rescent Ca 2+ indicator, furaptra, Sugiyama and Gold- 
man (1995) found that the K d of the SR for Ca 2 ^ was 49 
and resting SR Ca 2 " was 75-130 ^m. In smooth 
muscle, Ca 2+ is released from the SR (Stout and Diecke, 
1983; Yamamoto and Van Breemen, 1986; lino, 1987; 
Sato et aL, 1988a). There are two types of mechanisms to 
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release Ca 2 ^ from the SR in smooth muscle, Ca 2+ -in- 
duced Ca 2 ^ release (CICR) (Endo, 1977; Ogawa, 1994; 
Zucchi and Ronca-Testoni, 1994) and IP 3 -induced Ca 2+ 
release (IICR) (Ferris and Snyder, 1992; Mikoshiba, 
1993; Putney and Bird, 1993). CICR is activated by Ca 24 
(Itoh et aL, 1981; Saida, 1982; lino, 1989), whereas IICR 
is activated by IP 3 (Suematsu et al., 1984; Somlyo et al., 
1985; Islam et al., 1996). IICR is regulated not only by 
rP 3 but also by Ca 2+ , IICR is enhanced by Ca 2 " below 
300 dm and, above this concentration, Ca 2+ inhibited 
IICR (lino, 1990; lino and Endo, 1992; lino and 
Tsukioka, 1994). Calcium influx through the L-type 
Ca 2 * channels also activates CICR in guinea pig aorta 
and urinary bladder and rat portal vein and mesenteric 
artery (Ito et aL, 1991a; Ganitkevich and Isenberg, 1992; 
Gregoire et al, 1993). Calcium influx mediated by the 
reverse-mode action of the Na + /Ca 2+ exchanger, which 
was undetectable by fura-2, released Ca 2H ~ from the 
thapsigargin-sensitive intracellular stores including 
IP 3 -releasable pools in cultured guinea pig ileum longi- 
tudinal muscle cells (Ohata et al, 1996). CICR is selec- 
tively activated by caffeine and selectively inhibited by 
ryanodine (Ito et al., 1986; Hisayama and Takayanagi, 
1988), whereas IICR is inhibited by heparin (Kobayashi 
et al., 1988; Ghosh et aL, 1988; Chopra et al, 1989; 
Ganitkevich and Isenberg, 1990; Komori and Bolton, 
1990). 

In membrane fractions of guinea pig intestinal longi- 
tudinal smooth muscle, total binding sites of IP 3 were 
9— 10-fold more numerous than those of ryanodine (Wibo 
and Godfraind, 1994), The IP 3 receptor and the ryano- 
dine receptor were localized primarily in the SR. How- 
ever, the stoichiometric ratio of the ZP 3 receptor to the 
ryanodine receptor was distinctly higher in the high 
density, ribonucleic acid (RNA)-rich subfractions than in 
the low density, RNA-poor subfractions, suggesting that 
the IP 3 receptors were somewhat concentrated in the 
ribosome-coated portions of the SR. The low overall stoi- 
chiometric ratio of the ryanodine to the IP a receptors 
might explain the existence of a Ca 2 ^-storage compart- 
ment that is devoid of CICR but has IICR. 

lino and co-workers (lino et al, 1988; Yamazawa et 
al, 1992) classified Ca 2+ stores into two subtypes using 
the permeabiiized fibers of the guinea pig portal vein, 
pulmonary artery and taenia coli. One of these stores 
has both CICR and IICR (Sot), whereas the other has 
only the IICR mechanism (S/3), Ryanodine activated and 
then locked the CICR channels at open state, but had 
practically no effect on the IICR mechanism. Thus, after 
ryanodine-treatment, the Ca 24 " store with the CICR (Saj 
lost its capacity to hold Ca 2+ . Changes in the agonist- 
evoked contraction of intact muscle due to the ryanodine 
treatment suggested that agonists release Ca 2+ from the 
Set store, which produces the initial phase of contrac- 
tions. In guinea pig taenia coli, CICR channels are 
present in 40% of the Ca 2 " stores (lino, 1990), 



In the jB-escin-permeabilized longitudinal smooth 
muscle of guinea pig ileum, caffeine, carbachol or IP 3 
produced a transient rise in tension in a Ca 2 *~free solu- 
tion (Komori et al., 1995). The effect of either caffeine or 
carbachol was markedly reduced or abolished after pre- 
ceding application of the other stimulant. IP 3 was with- 
out effect when applied subsequently to caffeine. The 
effects of carbachol and IP 3 were abolished after com- 
bined treatment with ryanodine and caffeine, which 
causes functional removal of caffeine-releasable Ca 2 * 
stores, but not after combined treatment with ryanodine 
and carbachol These results suggest that caffeine 1 car- 
bachol and IP 3 all act on common Ca 2 " 3- stores to release 
Ca 2_h , possibly because this tissue has only the So: store 
(with both IICR and CICR). Also, in guinea pig pulmo- 
nary artery (lino, 1990) and rat portal vein (Pacaud and 
Loirand, 1995), most of the activator Ca 24 " originates 
from the Sa store. 

Cultured vascular smooth muscle appears to be devoid 
of ryanodine sensitive C a 2 + pools (Missiaen et al., 1990). 
In A7r5 cells, vasopressin increased the fractional loss of 
45 Ca 2+ in Ca 2 ***-free solution which was not influenced 
by ryanodine. Caffeine did not stimulate the fractional 
loss of 45 Ca 2_T " in this cell line. In saponin-skinned cells, 
IP a released the 45 Ca 2 ^ which was not affected by ryan- 
odine or caffeine. These results suggest that A7r5 cells 
have only store (with only IICR), 

In single myometrial cells from pregnant rats (Arnau- 
deau et al., 1994), oxytocin and acetylcholine evoked an 
initial peak in [Ca 2 ^ followed by a smaller sustained 
rise. The transient increase in [Ca 2 " 4 "^ was abolished by 
heparin, an inhibitor of IICR (Supattapone et al,, 1988), 
and thapsigargin. In contrast/the transient [Ca 2 *] £ re- 
sponse induced by oxytocin was unaffected by ryano- 
dine. Moreover, caffeine failed to increase [Ca 2 ^], but 
reduced the oxytocin-induced transient [Ca 2 "] i re^ 
sponse. In permeabiiized fibers of pregnant rat myome- 
trium, caffeine did not produce contraction whereas both 
IP 3 and the ionophore, A23 18 7, evoked contractile re- 
sponses (Savineau, 1988)rThese data show that myome- 
trial cells possess an IP 3 -sensitive and thapsigargin- 
sensitive store (Sp), but do not possess ryanodine- and 
caffeine-sensitive stores (Sa). 

In contrast to these observations, others suggested 
that Ca 2 " 3 " stores cannot be classified into only two types. 
In rat vascular smooth muscle cells (Shin et al., 1991J, 
some cells responded only to caffeine whereas other cells 
responded only to angiotensin II and released Ca 2+ from 
the SR. In rat mesenteric artery smooth muscle cells 
(Baro and Eisner, 1995), norepinephrine and caffeine 
produced a transient increase in [Ca 2 "^ in Ca 2+ free 
solution. In the presence of norepinephrine, caffeine or 
thapsigargin elevated [Ca 2 *]j. However, if thapsigargin 
or caffeine was added first, the subsequent application of 
norepinephrine did not increase [Ca 2 "% These results 
may suggest the existence of two types of Ca 2+ stores; 
some stores are sensitive to both caffeine and agonist 
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(So:) whereas other stores are sensitive to caffeine and 
thapsigargin but not to agonist (S T with only CICR). 

In permeabilized rabbit trachea smooth muscle cells 
(Chopra et aL, 1991), Ca 2 " release by IP 3 was much 
greater than with guanosine 5'-0-(3-thiotriphosphate) 
(GTP7S), Pretreatment with maximally effective IP 3 
abolished the GTP^S-induced Ca 2+ release, whereas 
pretreatment with GTP-yS reduced the IP 3 -indiiced Ca 2 " 
release by 25%, Ryanodine gave a large release of SR 
Ca 2 \ After treatment with ryanodine, GTPyS did not 
induce Ca 2 "" release, whereas the IP 3 -induced Ca 2 ^ re- 
lease was reduced by 76%. Pretreatment with ryanodine 
abolished the caffeine-induced Ca 24 " release, and addi- 
tion of caffeine before ryanodine reduced the ryanodine- 
induced Ca 2 ^ release by 64%, These results suggest that 
there are at least three Ca 24 " pools present within air- 
way smooth muscle cells. The largest pool is released by 
IP 3 or ryanodine (Sot), another is released only by IP 3 
(S/3), and the third by a high concentration of IP 3 , ryan- 
odine or GTP-yS (which may be different from any of the 
above classifications). 

Evidence also suggests a communication between dif- 
ferent types of Ca 2+ stores. In cultured arterial myo- 
cytes, Tribe et aL (1994) found that IP a and caffeine 
increased [Ca 24 ^ by depleting different Ca 2 " stores in 
the absence of external Ca 2f . Moreover, Ca 2+ could be 
transferred between two stores, since prior application 
of caffeine, which alone evoked little or no increase in 
[Ca 2+ ] i3 significantly augmented the response to thapsi- 
gargin, which blocks Ca 2+ sequestration in the IP 3 -sen- 
sitive store. Conversely, a substantial caffeine-induced 
rise in [Ca 2- ^ was observed only after the ability of the 
thapsigargin-sensitive Ca 2+ store to sequester Ca 2 " was 
inhibited. This suggests that the caffeine-sensitive store 
has a thapsigargin-insensitive Ca 2 * sequestration 
mechanism. Chopra et ah (1991) also reported that, in 
permeabilized cultured rabbit trachea cells, Ca 2+ moved 
from the GTPyS-sensitive pool into the Sa store when 
this was depleted. Somlyo and co-workers have shown 
that norepinephrine released Ca 2 " from both the junc- 
tional SR (Bond et aL, 1984) and the central SR (Kowar- 
ski et aL, 1985), and that the lumen of the various 
regions of the SR is continuous (Devine et aL, 1972; 
Somlyo, 1980) and permits the diffusion of Ca 2+ from 
center to periphery or vice versa (Somlyo and Himpens, 
1989), Employing digital imaging technique, Tribe et aL 
(1994) and Golovina and Blaustein (1997) directly visu- 
alized the Ca 2 * stores and found that although the SR 
appeared to be a continuous tubular network, Ca 2+ 
stores in the SR were organized into small, spatially 
distinct compartments that functioned as discrete units 
and cyclopiazonic acid and caffeine with ryanodine un- 
loaded different spatially separated compartments. 

Characteristics of the SR seem to change during hy- 
pertension and other physiological and pathophysiolog- 
ical conditions. In vascular smooth muscle cells from 
spontaneously hypertensive rats (SHR) and Wistar 



Kyoto rats (WKY) (Neusser et al., 1994), thapsigargin 
induced a transient increase in [Ca 2 *] r in Ca 2 * free 
solution. The thapsigargin-induced peak [Ca 2 *]; was not 
different in SHR cells and WKY cells. After depletion of 
the thapsigargin-sensitive Ca 2 * pools, angiotensin II 
still increased [Ca 2 *]^ In the SHR cells, the angiotensin 
11-induced increase in [Ca 2 *]; was not significantly dif- 
ferent in the presence and absence of thapsigargin. In 
contrast, in the WKY cells, the response to angiotensin 
II was significantly diminished after depletion of the 
thapsigargin-sensitive pool. Furthermore, when angio- 
tensin II was added before thapsigargin, the thapsigar- 
gin response was diminished in the WKY cells but not in 
the SHR cells. These results suggest that vascular 
smooth muscle cells of WKY have two types of Ca 2 * 
pools, a thapsigargin- and angiotensin II-sensitive type 
and an angiotensin II-sensitive type, whereas the SHR 
cells have a thapsigargin-sensitive type and an angio- 
tensin II-sensitive type. Levin et aL (1994) showed that 
partial outlet obstruction of the rabbit urinary bladder 
resulted in smooth muscle hypertrophy accompanied by 
a significant increase in the ability of ryanodine to in- 
hibit contraction induced by field stimulation. Ryano- 
dine binding also increased 4-fold at 5-7 days postob- 
struction. Thus, smooth muscle hypertrophy secondary 
to partial outlet obstruction induced a marked increase 
in the role of intracellular Ca 2 * in the mediation of the 
contractile response to field stimulation. 

The function of the SR appears to change also with 
age. Neonatal rabbit bladder smooth muscle is not very 
sensitive to ryanodine, while that from mature rabbits is 
extremely sensitive. Gong et aL (1994) demonstrated 
that the number of ryanodine binding sites increased in 
rabbit bladder with normal maturation, suggesting that 
the bladder smooth muscle cell acquires an increased 
pool of sequestered intracellular Ca 2 * for the develop- 
ment of normal contraction. 

The SR is filled with Ca 2+ mainly by Ca 2 * influx. In 
resting rabbit aorta (Karaki et aL, 1979), 25 to 30 min 
was necessary to fill a norepinephrine-releasable store 
with Ca 2 *. Almost all of the SR Ca 2+ was released by 
single application of 1 norepinephrine, as estimated 
by the norepinephrine-induced contraction in the ab- 
sence of external Ca 2 * Inhibition of Ca 2 * influx by 
La 3 *, Mn z+ t or Cd 2 * inhibited the filling, whereas ve- 
rapamil, at the concentrations needed to completely in- 
hibit high K* -induced contraction, did not inhibit the 
filling. This result suggests that resting Ca 2 * influx, 
which is not mediated by the L-type Ca 2 * channel, is 
responsible for SR Ca 2 " filling. Since La 3 * did not 
change the resting tone of the aorta, resting Ca 2 * influx 
does not seem to be coupled to contraction. Calcium ion 
entering the cell through the resting Ca 2 * influx path- 
way may be trapped by the SR without activating con- 
tractile elements (Casteels and Droogmans, 1981). In 
A7r5 cells, Blatter (1995) also showed that after releas- 
ing Ca 2 * from the SR with vasopressin, the filling path- 
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way of depleted stores involved Ca 2+ entry into the bulk 
cytoplasmic compartment before uptake into the store. 
In the presence of high K* 4 *, the SR accumulated greater 
amounts of Ca 2 *** and this process was inhibited by ve- 
rapamil (Karaki et aL, 1979), suggesting that Ca 2+ en- 
tering through the L-type Ca 2 "*" channel is also taken up 
by the SR, In the presence of norepinephrine, however, 
accumulation of Ca 2+ by the SR was inhibited in spite of 
an increase in Ca 2 " influx. This inhibition may be due to 
opening of SR Ca 2 * 3- channel by norepinephrine. Bond et 
aL (1984) showed that repeated short-term applications 
of norepinephrine induced contractions in the absence of 
external Ca 2+ and in the presence of La 3+ in the high 
K + -depolarized guinea pig portal vein, suggesting the 
recycling of SR Ca 2+ when Ca 2 + efflux was reduced by 
La 3 ^. 

It is now generally accepted that Ca 2+ release from 
the SR is responsible for only an initial portion of the 
agonist-induced sustained contraction (Karaki and 
Weiss, 1984, 1988) because, 1) norepinephrine and other 
agonists induce only a transient contraction in the ab- 
sence of external Ca 2+ , 2) agonist-induced IP 3 produc- 
tion is transient (Abdel-Latif, 1986; Marmy et aL, 1993; 
Dorn and Becker, 1993), 3) inhibitors of SR function by 
ryanodine inhibited the initial portion but not the sus- 
tained portion of agonist-induced contractions (lino et 
aL, 1988; Kanmura et aL, 1988; Julou-Schaeffer and 
Freslon, 1988), and 4) the agonist-induced increase in 
[Ca 2+ ]i was strongly inhibited by Ca 2+ channel blockers 
(Sato et aL, 1988b; Karaki et aL, 1991) although these 
blockers did not inhibit Ca 2+ filling of the SR (Karaki et 
aL, 1979; Casteels and Droogmans, 1981). However, 
Ashida et aL (1988) reported that ryanodine inhibited 
the norepinephrine-induced contraction by 52% in rat 
aorta and 14% in bovine tail artery without changing 
high -induced contractions. Calcium channel blocker 
almost completely abolished high K + -induced contrac- 
tions and reduced norepinephrine-induced contractions 
by 45% in the aorta and 82% in the tail artery. The 
inhibitory effects of ryanodine and Ca 2+ channel blocker 
on the norepinephrine-induced contraction were addi- 
tive. Using electron-microscopy, they also found that the 
tail artery has about 60% less SR than does the aorta 
and suggested that norepinephrine-induced sustained 
contraction is due to both Ca 2+ influx through the L-type 
Ca 2 "^ channel and Ca 2 * release from the SR through the 
ryanodine-sensitive pathway; and that contractions in 
rat aorta are more dependent on Ca 2+ release than in 
bovine tail artery. Weber et aL (1995) also reported that 
sustained contractions induced by submaximum concen- 
trations of norepinephrine were significantly inhibited 
by ryanodine whereas sustained contractions induced by 
a maximum concentration of norepinephrine were inhib- 
ited by a combination of Ca 2+ channel blocker and ry- 
anodine. Furthermore, lino et al. (1994a) reported that 
[Ca 24 '] i oscillations induced by nerve stimulation or sub- 
maximum concentrations of norepinephrine were inhib- 



ited by ryanodine in rat tail artery. These results sug- 
gest that, in some types of vascular smooth muscle, 
sustained contractions induced by submaximum concen- 
trations of norepmephrine are due to summation of con- 
tractions in individual cells which induce oscillatory con- 
tractions by release of SR Ca 2 ^. Graded contractions 
may result from differences in the threshold in individ- 
ual cells (Ohta et aL, 1994; Suzuki et aL, 1994). Since 
agonist-induced production of IP 3 is transient, the oscil- 
latory release of Ca 2+ may be due to activation of CICR, 
In contrast, a maximum concentration of norepineph- 
rine may induce Ca 2+ influx to evoke sustained contrac- 
tions in all of the cells. Calcium ion and/or other diffus- 
ible messengers can diffuse between smooth muscle cells 
though gap junctions and propagate Ca 2+ waves 
through silent cells (Christ et aL, 1992; Young et aL, 
1996), This mechanism may also contribute to synchro- 
nize smooth muscle cells in the absence of synchroniza- 
tion of action potentials or sustained membrane depo- 
larization, 

5. Calcium pumps in plasmalemma and the sarcoplas- 
mic reticulum. In smooth muscle, there are two types of 
Ca 24 - ATPase, plasmalemmal Ca 2 ^ ATPase and SR 
Ca 2+ ATPase (Wuytack et aL, 1982; Raeymaekers et aL, 
1985; Verbist et aL, 1985; Raeymaekers and Wuytack, 
1996). The plasmalemmal Ca 24 VATFase activity was 
four times higher than the (Na + + K^)-ATPase activity 
in human myometrial smooth muscle (Popescu and Ig- 
nat, 1983). Since Ca 24 " extrusion through the Na + /Ca 2+ 
exchange mechanism would ultimately be limited by the 
(Na^ 4- K^)-ATPase activity, this result suggests that 
plasmalemmal Ca 2 *-ATPase plays a more important 
role in C a 2 + extrusion than does Na + /Ca 2+ exchange. In 
cultured rat aortic smooth muscle cells, 12-O-tetradeca- 
noylphorbol-13-acetate (TPA) increased the maximum 
Ca 2 ^ efflux rate without changing the affinity for Ca 2 ^ 
(Furukawa et al., 1988, 1989). In Ca 24 *-ATPase purified 
from bovine aortic smooth muscle > it was also shown 
that phorbol ester stimulated the ATPase activity which 
was accompanied by phosphorylation of the ATPase, 
suggesting that the plasmalemmal Ca 2+ -pump in vas- 
cular smooth muscle is activated by protein kinase C (C 
kinase). Sodium nitroprusside and 8-bromo-cyclic GMP 
also stimulated the Ca 2+ pump activity although fors- 
kolin and dibutyryl cyclic AMP were ineffective (Yoshida 
et aL , 1991; Furukawa et aL, 1988). 

The SR Ca 2+ -ATPase (SERCA) is derived from three 
distinct genes (Eggermont et aL, 1989; Lytton et aL, 
19B9; Amrani et aL, 1995a); SERCA- 1, which is ex- 
pressed in skeletal muscle, SERCA-2, which gives rise to 
the SERCA-2a and SERCA-2b isoforms, mainly ex- 
pressed in cardiac and smooth muscles, respectively, 
and SERCA-3 expressed in smooth and non-muscle tis- 
sue. In human tracheal smooth muscle cells, expression 
of SERCA-2b isoform was greater than that of 
SERCA-2a isoform (Amrani et al., 1995a), the SERCA- 
2a, SERCA-2b, and SERCA-3 are inhibited by thapsi- 
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gargin (Lytton et aL, 1992). Cyclopiazonic acid also in- 
hibits SERCA (Seidler et aL, 1989; Bourreau et al, 1991; 
Low et aL, 1992; Uyama et aL, 1992, 1993). 

Luo et aL (1993) demonstrated that relaxation of ar- 
terial smooth muscle induced by nitroglycerin or atrial 
natriuretic peptide was inhibited by thapsigargin or cy- 
clopiazonic acid without affecting the increment of cyclic 
GMP content, suggesting that the enhanced sequestra- 
tion of Ca 2 * by the SR may be an important mechanism 
by which nitric oxide-related compounds induce relax- 
ation. In canine trachea (McGrogan et aL, 1995), relax- 
ant effects of sodium nitroprusside and 8-bromo-cyclic 
GMP were attenuated by cyclopiazonic acid. These re- 
sults are consistent with the finding that G kinase stim- 
ulates the plasmalemmal Ca 2 * pump ATPase (Imai et 
aL, 1990; Yoshida et al., 1991). In small mesenteric 
resistance arteries of the rat, 3-morphoIino-sydnonimine 
and sodium nitroprusside increased cyclic GMP and in- 
hibited the increase in [Ca 2+ ] s , MLC phosphorylation 
and the contractile response to ATP (Andriantsitohaina 
et aL, 1995). Thapsigargin reversed the inhibitory effect 
of the vasodilator agents when the contraction induced 
by ATP was elicited in the presence of the Ca 2+ channel 
blocker, nitrendipine, or in Ca 2+ -free medium. These 
results show that cyclic GMP inhibits ATP-induced con- 
traction partly by enhanced Ca 2+ sequestration through 
a SR Ca 2+ pump activation. In rat aorta, ryanodine, on 
the other hand, had no effect on the concentration-re- 
sponse curves for isoproterenoLinduced relaxation (Hi* 
sayama et aL, 1990}. In rat thoracic aorta and bovine tail 
artery, Ashida et al. (1988) also showed that, although 
ryanodine had no effect on basal tone, it progressively 
increased tension when Ca 24 * extrusion via Na*/Ca 2+ 
exchange was inhibited by low external Na + . The 
smaller effects of ryanodine indicate that the SR plays a 
less important role in controlling [Ca 24 ^. 

In canine tracheal smooth muscle (Bourreau et aL, 
1993), cyclopiazonic acid inhibited refilling of the stores 
occurring during high stimulation. On the other 
hand, cyclopiazonic acid was less effective in inhibiting 
the refilling occurring during prolonged acetylcholine 
stimulation. At higher external Ca 2+ or when BAY 
k8644 was present in the medium, cyclopiazonic acid 
was ineffective in inhibiting the refilling during stimu- 
lation with acetylcholine. These results suggest the 
presence of two different pathways for external Ca 3 "*" 
used to refill acetylcholine-sensitive internal stores. One 
involves active Ca 2_u uptake via a cyclopiazonic acid- 
sensitive Ca 2 * pump, and the other involves a cyclopia- 
zonic acid-insensitive pathway. 

In bovine tail artery cells (Goldman et aL, 1989), 
[Ca 2 n was relatively uniformly distributed before acti- 
vation. During norepinephrine-evoked contractions, 
tCa 2+ ]i increased, and the distribution of [Ca 2+ ] i became 
much more heterogeneous. On recovery from activation, 
discrete regions of elevated [Ca 2 " f ] i were observed 
throughout the recovered cells. The large spatial varia- 



tion of [Ca 2 "]i after cell activation implies that Ca 2+ was 
sequestered at localized sites in the cell during relax- 
ation. In rat mesenteric artery cells (Baro and Eisner, 
1995), both norepinephrine and caffeine released Ca 2 *. 
The recovery of [Ca 2 ^ during the application of caffeine 
was unaffected by the removal of external Na + , suggest- 
ing that Na + /Ca 2+ exchange is not important in the 
reduction in [Ca 24 ^. The addition of an inhibitor of 
Ca 2 "-ATPase, La 3 +, did, however, greatly slow £Ca 2+ ] i 
recovery. From these and other results, they concluded 
that the three major factors responsible for removing 
Ca * ions from the cytoplasm are: a caffeine- and nore- 
pinephrine-sensitive store (43%), a caffeine-sensitive 
but norepinephrine-insensitive store (S6%\ and a sar- 
colemmal Ca 2 +-ATPase (16%). Finally, a 5% contribu- 
tion remains to be accounted for. 

6\ Mitochondria. Mitochondrial inhibitors decrease 
ATP production and contraction in intestinal smooth 
muscle. However, neither ATP contents nor contractions 
were decreased by these inhibitors in vascular smooth 
muscle, possibly because ATP is supplied not only by 
mitochondria but also by glycolysis (Karaki et aL, 1982; 
Nakagawa et aL, 1985). Inhibition of oxidative phos- 
phorylation by nitrogen gas, dinitrophenol or sodium 
azide elicited a release of Ca 2 * from mitochondria to 
induce transient contraction in rat aorta (Karaki et aL, 
1982), rabbit colon (Kowarski et aL, 1985) and rat myo- 
metrium (Sakai et aL, 1986). These results suggest the 
possible involvement of mitochondrial Ca 2+ release in 
smooth muscle contraction. Inhibition of mitochondrial 
Ca 2 "^ uptake may also elicit contraction. Takeo and Sa- 
kanashi (1985) estimated the mitochondrial Ca 2 " up- 
take activity of the coronary artery to be 250 nmol 
Ca 24 7rng protein/10 min. Kowarski et al. (1985) ana- 
lyzed subcellular Ca 2 * concentrations in rabbit main 
pulmonary artery smooth muscle cells by electron probe 
X-ray microanalysis and estimated the mitochondrial 
Ca 24 " to be 2.2 mmol/kg dry weight, and this was not 
changed after the muscle was exposed to norepineph- 
rine. In contrast, the central SR can accumulate larger 
amounts of Ca 2+ , and norepinephrine released Ca 2+ 
from the SR. The relative sizes of the central SR and 
mitochondrial Ca 2 " pools in relaxed tissue were about 
20:1. In rabbit portal vein, smooth muscle was loaded 
with Na* for 3 h in a K + -free, ouabauvcontaining solu- 
tion, after which rapid Na'VCa 2 * exchange was induced 
by Na + -free solution (Broderick and Somlyo, 1987). This 
procedure induced a large transient contraction accom- 
panied by a large increase in [Ca 2+ ]j which was taken up 
by mitochondria. 

Grover and Samson (1986) compared affinity charac- 
teristics of the Ca 24, pumps toward Ca 2_h in various 
subcellular organelles isolated from pig coronary artery. 
The K m value was 0.91 fiU for plasma membrane, 0.58 
MM for endoplasmic reticulum, and as high as 7.1 /joM for 
mitochondria. 45 Ca 2+ uptake experiments showed that 
high K 4 " depolarization increases mitochondrial Ca 2 * 
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uptake (see section II.B.2.). Ueno (1985) examined the 
mobilization of 45 Ca 2+ in the saponin-permeabilized 
smooth muscle cell of the porcine coronary artery and 
found the minimum [Ca 2H ~]i required for the ATP-depen- 
dent Ca 2 * uptake by the SR and mitochondria was 
about 20 nM and 1 /am, respectively. In saponin-perme- 
abilized primary cultured rat aortic smooth muscle cells, 
Yamamoto and Van Breemen (1986) reported that mito- 
chondrial 45 Ca 2+ uptake appeared only in the presence 
of nonphysiologically high concentrations of Ca 2 ^ (10 jllm 
and higher). Stout (1991) also examined 45 Ca 2_H uptake 
in saponin-permeabilized rat caudal artery and found 
that mitochondrial Ca 2 * content increased only when 
the free Ca 2+ concentration exceeded 3.1 fiM. 

Although these observations suggest the lack of in- 
volvement of mitochondria in the decrease in [Ca 2+ ]j in 
smooth muscle, Drummond and Fay (1996) reported 
that, in the voltage-clamped single stomach smooth 
muscle cells of Bufo marinus, the rate of Ca 24 * extrusion 
from the cytosol following depolarizing pulses was re- 
duced by more than 50% by cyanide or carbonyl cyanide 
p-trifluoromethoxy-phenylhydrazone. The inhibitor of 
both mitochondrial Ca 2+ uniporter and ryanodine recep- 
tor, ruthenium red, produced a similar result while the 
ATP synthetase inhibitor, oligomycin, had no effect, in- 
dicating that the effect is not due to inhibition of Ca 2 "^- 
ATPase resulting from ATP insufficiency. This result 
suggests that mitochondria may play a significant role 
in removing Ca 2+ from the cytoplasm in toad smooth 
muscle. 

Glycolysis (glycogenolysis) is stimulated not only by 
inorganic phosphate and ADP, which activate phospho- 
fructokinase, but also by Ca 2+ and calmodulin, which 
activate phosphorylase b kinase. Since reduced pyridine 
nucleotides, located both in the cytoplasm and mitochon- 
dria, and oxidized flavoproteins, located specifically in 
the inner mitochondrial membrane, are fluorescent sub- 
stances, it is possible to fluorometrically measure redox 
states in cells. As shown in fig, 3, reduced pyridine 
nucleotides and oxidized flavoproteins increased in re- 
sponse to spontaneous mechanical activities in guinea 
pig taenia coli (Ozaki et al, 1988), indicating that large 
oxidation-reduction potentials are generated across the 
mitochondrial membrane during contractions. The 
amount of reduced pyridine nucleotides is closely corre- 
lated with force of contractions in guinea pig ileum 
(Shimizu et al, 1991). Interestingly, fiavoprotein fluo- 
rescence started to increase 0,5—1 s before the initiation 
of contraction, and this time course corresponded to the 
change in [Ca 2 *]^ Furthermore, Ca 2 ^ sensitivity was in 
the order of fiavoprotein fluorescence > pyridine nucle- 
otide fluorescence > muscle contraction (fig. 3), Chance 
(1965) has observed that Ca 2 " increased the rate of 
respiration and electron transport of mitochondria. Fur- 
thermore, the intra-mitochondrial key enzymes for oxi- 
dative metabolism such as dehydrogenases were acti- 
vated by micromolar concentrations of Ca 2+ (see 
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Fig. 3. Changes in the fluorescence of reduced pyridine nucleo- 
tides (PNred) {A} and oxidized flavoproteins (FPox) C.Bj during spon- 
taneous contraction in guinea pig taenia coli. PNred and FPox fluo- 
rescence are shown by relative intensity of fluorescence taking the 
basal fluorescence as 100%. FPox started to increase before the 
initiation of contraction. (C): The effects of external Ca 2+ concentra- 
tion on PNred fluorescence, FPox fluorescence, and tension develop- 
ment in the 45,4 mM K + -depolarized taenia coli. Responses induced 
by 10 mM Ca 2 * was taken as 100%. The Ca 2 t sensitivity of each 
response was in the order of FPox > PNred > muscle contraction. 
(Modified from Ozaki et al., 1988). 

Balaban, 1990), These findings suggest that the [Ca 2 1 L 
directly activates three different mechanisms, cytoplas- 
mic glycolysis, mitochondrial oxidation of flavoproteins, 
and contractile elements in cytoplasm. 

Rizzuto et al. (1992, 1994) have developed molecularly 
engineered: Ca 2+ -sensitive photoproteins and applied 
this to study mitochondrial Ca 2+ dynamics. In HeLa 
cells and bovine endothelial cells, mitochondrial Ca 2 **" 
increased rapidly upon stimulation with IP 3 -generating 
agonists such as ATP, carbachol, and histamine. Moni- 
toring the level of NAD(P)H fluorescence suggested that 
the changes in mitochondrial Ca 2+ were sufficiently 
large to induce a rapid activation of mitochondrial de- 
hydrogenases. 

These observations suggest that contractile stimula- 
tions increase the Ca concentration not only in cyto- 
plasm but also in the mitochondria. Calcium ion stimu- 
lates ATP production by mitochondria before it is 
triggered by energy consumption of contractile ele- 
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merits. Mitochondria may also serve as a Ca 2+ sink 
under pathophysiological conditions where [Ca 2 ^ in- 
creases above micromolar concentrations, 

E. Calcium Distribution and Function 

1. Noncontractile calcium compartment Most of the 
data obtained from simultaneous measurement of 
[Ca 2+ ]i and contraction confirm that there is a positive 
correlation between these two parameters and that 
smooth muscle contraction occurs following an increase 
in [Ca 2+ ] £ . However, some small dissociations were iden- 
tified. In some types of smooth muscle, agonists induced 
larger contractions than predicted from the increase in 
[Ca 2 ^. This kind of dissociation may be explained by 
Ca 2+ sensitization of contractile elements; In contrast, 
relaxants related to cyclic AMP and cyclic GMP decrease 
contractile force without decreasing [Ca 2+ ] s or with only 
a small decrease in [Ca 2 *] it possibly by an attenuation of 
Ca 2+ sensitivity of the contractile elements. However, 
some kinds of dissociations are explained neither by the 
changes in Ca 2+ sensitivity nor by artifacts of [Ca 2 " H ] i 
measurements. 

a. Aequorin signal and fura-2 signal. The Ca 24 - 
signal obtained with aequorin was different from that 
predicted from contractile data in smooth muscle. Ago- 
nist-induced sustained contractions were accompanied 
by large and transient increases followed by only the 
small sustained increases in the aequorin signal (see 
section ILC.L). The transient increase in the aequorin 
signal, which was due to both Ca 24 " release and Ca 2+ 
influx, was rapidly desensitized by repeated applications 
of agonist, although contractile tension did not change. 
When muscle strips were left unstimulated for 2.5-13 h, 
the transient increase in the aequorin signal returned 
(Rembold and Murphy, 1988b; Abe et al., 1995), Al- 
though the high K'Mnduced sustained contraction was 
accompanied by a sustained increase in the aequorin 
signal due to Ca 2 * influx, repeated applications of high 
K + also gradually attenuated the aequorin signal with- 
out changing the magnitude of the contraction, and a 
13 -h resting period was needed for complete recovery of 
the aequorin signal (Abe et aL, 1995). Although the 
changes in aequorin signals are much larger than the 
changes in [Ca 2 "^ (see section II.C.L), dissociation be- 
tween aequorin signals and contractions are evident, In 
contrast, the fura-2 signal did not desensitize, and there 
was much better correlation between the fura-2 signal 
and contraction. These results indicate that a part of the 
aequorin signal, stimulated either by Ca 2 * release or 
Ca 2 ' influx, does not represent [Ca 2+ J; regulating the 
contractile elements, 

Karaki (1989a) suggested that the difference between 
the aequorin signal and the fura-2 signal may arise from 
the inhomogeneous or focal increases in [Ca 2 *]^ In 
swine carotid artery, Rembold and co-workers (Rembold 
et aL, 1995; Van Riper et aL, 1996; Rembold, 1996) 
compared the aequorin signal and the fura-2 signal and 



found that the ratio of the aequorin signal and the fura-2 
signal changed depending upon the types of stimulation 
employed and that contraction is more closely correlated 
with the fura-2 signal. From these results, they con- 
cluded that the aequorin/fura-2 ratio can be used as an 
indicator of the focal increase in [Ca 2+ ] it Using this 
method, they found that histamine-induced Ca 2 * re- 
lease resulted in the focal increases in [Ca 2 ^ in the 
absence of external Ca 2+ . Histamine-induced increase in 
[Ca 2+ ]j was accompanied by increased MLC phosphory- 
lation and contraction. Caffeine elicited similar focal 
increase of [Ca 2 "^ in the presence of external Ca 2+ . 
However, caffeine elicited only a small increase in MLC 
phosphorylation and small contraction. A focal [Ca 2 * 1 
increase was also observed when the external Ca 2+ was' 
restored in muscle treated with Ca 2 *-free solution or 
when Na + /Ca 2 " exchange was inhibited by decreasing 
the external Na* concentration. These changes were 
accompanied by neither MLC phosphorylation nor con- 
traction. These results suggest that increase in [Ca 2+ ]j is 
localized to a region distant from the contractile appa- 
ratus under these conditions. Only histamine increased 
MLC phosphorylation possibly because it increases Ca 2+ 
sensitivity of MLC phosphorylation (see section HLA.). 
b. Inhibition of sarcoplasmic reticulum calcium 

ACCUMULATION AND ACTIVATION OF CALCIUM ENTRY. Inhi- 
bition of SR function is expected to increase ECa 2_f '] i by 
three different mechanisms. The first mechanism is' in- 
hibition of SR Ca 2+ uptake and resulting increase in 
[Ca + ] £ near the SR, In rabbit inferior vena cava, inhi- 
bition of SR functions by caffeine, thapsigargin or ryan- 
odine increased the steady-state [Ca 2 ^ (Chen et aL, 
1992; Chen and Van Breemen, 1993). In guinea pig 
ureter (Maggi et aL, 1995), inhibition of SR Ca 2+ uptake 
by cyclopia2onic acid enhanced the contractions evoked 
by electrical stimulation or low-Na* medium. Inhibition 
of SR Ca 2+ uptake augmented contractions also in rab- 
bit aorta (Van Breemen et al., 1985), bovine coronary 
artery (Sturek et al., 1992) and guinea pig ureter (Maggi 
et aL, 1995) (see section II,E,3.). In ferret portal vein 
(Abe et al, 1996), in contrast, inhibition of SR Ca 2+ 
uptake by cyclopiazonic acid increased [Ca 2+ ] i measured 
with aequorin without changing contractions induced by 
norepinephrine or high However, depletion of SR 
Ca 2 *" by ryanodine and caffeine did not have such an 
effect, suggesting that the increase in [Ca 2 ^ is due to 
inhibition of SR Ca 2_f uptake but not to increased Ca 2 + 
influx by activation of CRAC. Also, in rat urinary blad- 
der, Munro and Wendt (1994) measured [Ca 2 " f ] i with 
fura-2 and reported that cyclopiazonic acid augmented 
the increase in fCa 2_f ] t induced by carbachol and high 
K + without changing contraction. From these results 
Abe^et al. (1995, 1996) suggested that there are two 
Ca + compartments in the smooth muscle cell, a com- 
partment containing contractile elements (contractile 
compartment) and another compartment unrelated to 
contractile elements (noncontractile compartment) (fig. 
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4). On stimulation, Ca 2 * concentration in the contractile 
compartment may increase to a level high enough to 
stimulate MLC kinase but not so high as to consume 
aequorin rapidly. In contrast, the Ca 2 * concentration in 
the noncontractile compartment may increase so much 
that aequorin in this compartment is rapidly consumed. 
These two compartments may be separated by a diffu- 
sion barrier and, during a resting period, aequorin may 
slowly diffuse from the contractile compartment to the 
noncontractile compartment and thus restore the full 
aequorin signal. The noncontractile compartment may 
be located near the SR, and the Ca 24 " concentration in 
this compartment may be regulated not only by Ca 24 " 
influx but also by SR Ca 2 * uptake. Calcium ion in this 
compartment cannot reach the contractile compartment 
because of a diffusion barrier and sequestration by the 
SR. 

The second SR-mediated mechanism to increase 
[Ca 2 *^ is to deplete SR Ca 2 * and activate Ca 2 * entry 
through CRAC (see section II. D, 2,), In rat aorta, ryano- 
dine increased [Ca 3+ ] 3 measured with fura-2 and muscle 
tone, both of which were insensitive to nicardipine (Hi- 
say ama et aL, 1990). In ferret portal vein, in contrast, 
cyclopiazonic acid induced a sustained increase in 
[Ca 2+ ]j measured with aequorin without inducing con- 
traction (Abe et aL, 1996). In rat mesenteric artery, 
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FIG. 4. Two Ca a+ compartments model (modified from Abe et al., 
1996). The major Ca a+ compartment in the smooth muscle cell is the 
contractile compartment. In addition, there is a small Ca 2 " compart- 
ment between plasmalemma and the SR that does not contain con- 
tractile elements (noncontractile compartment). Communication be- 
tween these two compartments is restricted, and aequorin cannot 
move freely between these compartments. Calcium ion in this com- 
partment also cannot reach the contractile compartment because of 
a diffusion barrier and sequestration by the SR. Inhibition of SR 
Ca 2 * pump by cyclopiazonic acid increased [Ca a *] ( in the noncon- 
tractile compartment with little effect on the contractile Ca 2+ com- 
partment. In contrast, depletion of the SR by ryanodine and caffeine 
inhibited the agonist-induced transient increase in [Ca 2 ^] i in con- 
tractile compartment with little effect on [Ca 2 ^ in the noncontrac- 
tile compartment. Rates of decrease in contraction and [Ca 2 ^ were 
affected neither by cyclopiazonic acid nor by ryanodine and caffeine. 



ryanodine and cyclopiazonic acid induced a sustained 
increase in [Ca 2 *^ measured with fura-2 without induc- 
ing contraction (Naganobu and I to, 1994; Naganobu et 
aL, 1994), In rat urinary bladder, cyclopiazonic acid also 
increased [Ca 2 *^ measured with fura-2 without induc- 
ing contraction (Munro and Wendt, 1994). There ap- 
pears to be tissue-specific differences in the coupling 
between CRAC and contraction. 

The third SR-mediated mechanism to increase [Ca 2 ^ 
is membrane depolarization resulted from inhibition of 
the Ca 2 *-activated K* channels (see section ILD.). De- 
pletion of SR Ca 2 * by ryanodine or cyclopiazonic acid 
increased [Ca 2 ^li and induced contraction, both of which 
were inhibited by verapamil in rat femoral artery 
(Kojima et aL, 1994) and guinea pig ileum {Uyama et aL, 
1993). 

c. Stimulant-dependent dissociation. In rat aorta, 
norepinephrine induced an initial large increase in 
[Ca 2 ^ due to Ca 2 * release followed by a sustained 
increase due to Ca 2 * influx. Initial Ca 2 * release was 
accompanied by a corresponding increase in IP 3 forma- 
tion (Manolopoulos et aL, 1991; Ahn et aL, 1992; Pijuan 
et aL, 1993) and transient contraction (Sato et aL, 1988a; 
KaraM et aL, 1988a). Endothelin-1 acted on the ET A 
receptor and increased IP 3 formation (Huang et aL, 
1990b) and [Ca 2 *^ in a manner similar to norepineph- 
rine. However, the initial increase in [Ca 2 *lj was not 
accompanied by contraction (Sakata et aL, 1989; Ozaki 
et aL, 1989; Huang et aL, 1990a) or MLC phosphoryla- 
tion (Harada et aL, 1994, 1996). In contrast, the ET A 
receptor-mediated Ca 2 " 5 " influx, observed several min- 
utes after the addition of endothelin-1, was accompanied 
by a large increase in MLC phosphorylation and contrac- 
tion (Harada et aL, 1994, 1996). Similar dissociation 
between Ca 2 * release and contraction was reported in 
vascular smooth muscle stimulated with prostaglandin 
F 2u (Ozaki et aL, 1990c; Dorn et aL, 1992; Kurata et aL, 
1993). Simultaneous applications of norepinephrine and 
endothelin-1 induced larger Ca 2 * release than that in- 
duced by either of the agonists alone, although the mag- 
nitude of transient contraction was similar to that in- 
duced by norepinephrine alone (our unpublished 
observation), suggesting that endothelin-1 does not have 
an inhibitory effect on contractile elements including an 
activation of MLC phosphatase. These results suggest 
that Ca 2 * release induced by some agonists is not cou- 
pled to MLC phosphorylation and contraction, possibly 
because some agonists release Ca 2 * in the direction of a 
contractile compartment whereas other agonists release 
Ca 2 " in the direction of a noncontractile compartment. 
Hisayama et aL (1990) reported that Ca 2 * release in- 
duced by prostaglandin F 2a) which was not accompanied 
by contraction, was insensitive to ryanodine whereas 
Ca 2 "^ release induced by caffeine or phenylephrine, 
which was accompanied by transient contraction, was 
sensitive to ryanodine. These results suggest that there 
are two types of Ca 2 * stores; one of which (sensitive to 
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phenylephrine, caffeine and ryanodine) supplies Ca 2 * 
only to the contractile compartment whereas the other 
(sensitive only to prostaglandin P 2w ) supplies Ca 2 " only 
to the noncontractile compartment. 

d. Nonselective cation channel. ATP has been 
shown to increase Ca 2+ influx through the nonselective 
cation channel (Benham and Tsien, 1987; Benham, 
1992). In rat basilar artery, an agonist of the P 2 purino- 
ceptor, ATP, induced contraction following an increase 
in [Ca 2+ J i by both releasing Ca 2+ and increasing Ca 2+ 
influx through the non-L-type Ca 2+ channel (Zhang et 
al., 1995). In rat aorta (Kitajima et aL, 1993; 1994, 
1996a), ATP also induced a larger increase in [Ca 2+ ]i 
than that induced by high K + mainly by Ca 2H " influx and 
partly by Ca 2_H release. The ATP-induced increase in 
[Ca 2 "]i was accompanied by a smaller increase in MLC 
phosphorylation and a smaller contraction than those 
induced by high -stimulated [Ca 2+ ] i . In swine carotid 
artery (Rembold et al., 1991), ATP also induced a larger 
increase in [Ca 2 ^ measured with aequorin, and a 
smaller increase in MLC phosphorylation and contrac- 
tion than that induced by histamine. In mouse urinary 
bladder (Boland et aL, 1993), ATP inhibited carbachol- 
induced contraction with little effect on [Ca 2 "% ATP 
also inhibited norepinephrine-induced contraction in rat 
aorta with little inhibitory effect on [Ca 2 "% although 
the inhibition was very small and dissociation between 
[Ca 2_s "J; and contraction is not explained by this mecha- 
nism (Kitajima et aL, 1996a). These results suggest that 
the increases in [Ca 2 "^ (due not only to Ca 2+ release but 
also to Ca 2+ influx) elicited by some agonists do not 
increase MLC phosphorylation and contraction, 

e. Cyclic adenosine 3 ' ,5 '-monophosphate. In rat 
aorta (Abe and Karaki, 1989) and toad stomach (Wil- 
liams and Fay, 1986), forskolin or isoproterenol de- 
creased [Ca^Ji measured with fura-2 and quin2, both of 
which preferentially detect [Ca 24 ^ in bulk cytoplasm 
rather than the localized high Ca 24 * compartments. Mor- 
gan and Morgan (1984a) observed that, in high K"- 
depolarized strips of ferret portal vein, isoproterenol 
produced either no change or an increase in [Ca 2 ^]- 
measured with aequorin during smooth muscle relax- 
ation. Only in the presence of very high concentrations 
of isoproterenol (greater than 0.1 /im) was a decrease in 
[Ca 2+ ] s detectable. Both papaverine and forskolin also 
caused relaxation of the muscle while [Ca 2 ^ either did 
not change or increased. In bovine trachea (Takuwa et 
aL, 1988), isoproterenol, forskolin, and vasoactive intes- 
tinal peptide induced the sustained increases in the 
resting [Ca 2 ^] f measured with aequorin by increasing 
Ca 2H " influx, which was not inhibited by Ca 2+ channel 
blockers. In A7r5 cells, isoproterenol or forskolin in- 
creased Ca 2 " 4 * currents by increasing single-channel ac- 
tivity in cell-attached patches (Marks et aL, 1990). In 
bovine trachea (Felbel et aL, 1988), isoproterenol in- 
creased [Ca 2+ ]j measured with fura-2, and the increase 
in [Ca 2+ ] f was inhibited by nitrendipine and me- 



thoxyverapamiL Also, in bovine trachea (Tajimi et aL, 
1995), forskolin augmented the high K/ -induced in- 
crease in [Ca 2 "% measured with fura-2 and inhibited 
the contraction. These results suggest that cyclic AMP 
increases [Ca 2+ ] i in a noncontractile compartment in 
bovine trachea. This possibility was confirmed in a more 
direct manner. Observing Ca 2 ^ distribution by confocal 
microscopy in single airway smooth muscle cells loaded 
with fura-2, Yamaguchi et aL (1995) found that isopro- 
terenol decreased inner cytosolic [Ca 2+ ] 4 and increased 
peripheral [Ca 2+ ]j, suggesting that there are two Ca 2 * 
compartments in the cell and [Ca 2 *^ in these compart- 
ments are regulated independently. Consistent with 
these findings, cyclic AMP stimulated K + channels 
which are sensitive to [Ca 24 ^ near the plasmalemma 
(see section H.E.3.), 

f. SUBPLASMALEMMAL CALCIUM COMPARTMENT. In Single 

smooth muscle cells of rabbit jejunum and rabbit ear 
artery, Benham and Bolton (1986) found that caffeine 
stimulated rapid discharge of transient K + outward cur- 
rents. Subsequently, there were numerous reports de- 
scribing the role of SR Ca 2+ on spontaneous transient 
outward currents {STOCs) in smooth muscle (e.g., Ohya 
et aL, 1987; Sakai et aL, 1988; Kitamura et aL, 1989; 
Hume and LeBlanc, 1989; Desilets et aL, 1989; Stehno- 
Battel and Sturek, 1992; Suzuki et aL, 1992; Uyama et 
aL, 1993; Lee and Earm, 1994; Kim et aL, 1995b). Since 
activators of both IICR and CICR increase STOCs and 
agents known to deplete Ca 2 " stores abolish STOCs 
after a possible initial increase of STOC discharge, it is 
now widely accepted that Ca 2_H released from the SR 
activates the K + channel (for reviews see Kuriyama et 
aL, 1995; Bolton and Imaizumi, 1996). However, the 
[Ca ]j in average cytoplasm increased only after 
STOCs were activated (Stehno-Bittel and Sturek, 1992; 
Sturek et aL, 1992; Imaizumi et aL, 1996a,b), indicating 
that the Ca 2+ needed to activate STOCs was not de- 
tected by fluorescent Ca 2+ indicators such as fura-2 and 
indo-1. 

Membrane depolarization activates the channel by 
increasing [Ca a ' + ]j. The increase in [Ca 2+ J t is due not 
only to Ca 2+ influx but also to Ca 2 " release from the SR 
by CICR (see Bolton and Imaizumi, 1996; Imaizumi et 
aL, 1996a). However, CICR does not play an important 
role in inducing contraction in smooth muscle (lino, 
1989). Furthermore, Imaizumi et aL (1993, 1996a, b) 
found that, although caffeine-induced Ca 2 " release re- 
sulted in the activation of channels and contraction, 
Ca 2+ release induced by 9-methyl-7-bromoeudistomm 
(MBED) activated the K + channel without inducing con- 
traction. Since pretreatment with MBED did not change 
the subsequent caffeine-induced contraction, it seems 
likely that there are MBED-sensitive and MBED-insen- 
sitive SR. MBED may release Ca 2 ^ toward the subplas- 
malemmal Ca 2 * space to activate channel but not 
toward the cytoplasm, where contractile proteins exist. 
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2. Calcium sparks, waves, oscillations, and gradients. 
Using digital imaging techniques and new intracellular 
Ca 24 " indicators, it became possible to examine the two- 
or three-dimensional distribution of Ca 24 ~ in the cell. 
Results of these experiments revealed that Ca 2+ distrib- 
utes unevenly in the cell, supporting the suggestion by 
the functional studies, 

a. Calcium SPARKS. The spontaneous local increases in 
[Ca 2 *] ir called Ca 2+ sparks, were first found in rat car- 
diac cells as measured with a laser scanning confocal 
microscope and the fluorescent Ca 24 " indicator, fluo-3 
(Cheng et aL, 1993). Calcium sparks appeared to result 
from the spontaneous opening of single SR Ca 2+ -release 
channels (see Taylor, 1994). Although the Ca 2+ sparks 
were usually nonpropagating, some sparks triggered 
propagating waves of increased [Ca 2 ^ when the Ca 2+ 
content of the SR was increased. In cerebral artery sin- 
gle smooth muscle cell, Nelson et al. (1995) found the 
ryanodine-sensitive, spontaneous local increases in 
[Ca 2+ ] i (Ca 2_h sparks) just under the surface membrane, 
and suggested that Ca 2 * sparks may activate K + chan- 
nels, hyperpolarizes the membrane and relaxes the mus- 
cle. 

b. Calcium waves and oscillations. In the eggs of a 
fresh water fish t medaka, fertilization started a wave of 
high [Ca 2+ ]j at the animal pole (where the sperm en- 
tered) and then traversed the egg as a shallow and 
narrow-wide band which vanished at the antipode some 
minutes later (Gilkey et al., 1978). This kind of Ca 24 " 
wave occurs in all eggs investigated so far (Jaflfe, 1993). 
Injection of IP 3 , but not Ca 24 ", induced a Ca 2+ wave 
(DeLisle and Welsh, 1992; Lechleiter and Clapham, 
1992), and inhibition of the IP 3 receptor abolished the 
Ca 24 * wave (Miyazaki et aL, 1992), suggesting that Ca 2 * 
release originates from an IP 3 -sensitive channel. Cal- 
cium waves and oscillations observed in non-muscle 
cells have been reviewed by Thomas et al. (1996). 

In primary rat aortic smooth muscle cells, the spon- 
taneous increases in [Ca 2+ ]j were observed (Bobik et aL, 
1988; Weissberg et aL, 1989). In cultured smooth muscle 
cells of the human internal mammary artery (Neylon et 
al., 1990), the thrombin-induced rise in [Ca 24 "]; began in 
a discrete region typically located close to the end of the 
cell. Subsequently, this region of elevated [Ca 24 *^ ex- 
panded until [Ca 2+ ] i was elevated throughout the cell. 
In some cells, the [Ca 24 *^ rise began at both ends and 
collided midway. The rate of spreading of the region of 
elevated [Ca 2+ ]j traversed the length of most cells 
within about 5 s. In confluent vascular smooth muscle 
cells, Simpson and Ashley (1989b) found spontaneous 
transients and elevations in [Ca 2+ ]j as well as main- 
tained oscillations. The oscillations had a periodicity of 
6-9 s and were not present in single cells. They also 
reported that endothelin-1 but not vasopressin induced 
oscillations which were inhibited by nifedipine, and sug- 
gested that these oscillations are at least partly depen- 
dent upon the L-type Ca 2+ channels (Simpson and Ash- 



ley, 1989a). Similar oscillations have been reported in 
cultured vascular smooth muscle cells (Wier and Blat- 
ter, 1991; Gillespie et aL, 1992c) and intestinal smooth 
muscle cells (Publicover et al., 1992; Komori et aL, 1993, 
1996; Ohata et aL, 1993; lino et aL, 1993; Kawanishi et 
aL, 1994; Kohda et al., 1996). 

In cultured rat aortic smooth muscle cells (Johnson et 
aL, 1991), there were small regions in the cytoplasm in 
which [Ca 2 ^]i was elevated (hot spat). The initial rise in 
[Ca 2+ ] it triggered by stimulants, emanated from the hot 
spot and spread evenly throughout the cytoplasm. The 
increases in [Ca 24r ] L lasted for about 60 s and then re- 
treated back to the original hot spot. In half of the 
population of the cells, discrete oscillations in [Ca 2+ ]j 
occurred after the initial [Ca 2+ ] i peak. In rat tail artery 
(lino et aL, 1994a), both nerve stimulation and norepi- 
nephrine elicited oscillations of [Ca 2 "] i that propagated 
within the cell in the form of waves. Since ryanodine 
inhibited the oscillations, SR Ca 24 " release appears to be 
responsible for the oscillations. 

In cultured guinea pig ileum longitudinal smooth 
muscle cells (Ohta et aL, 1993), thapsigargin-sensitive 
spontaneous [Ca 24 "3 £ oscillations were observed. Oscilla- 
tions in [Ca 2 "] L were evoked in intact cultured human 
vascular smooth muscle cells and persisted in nominally 
Ca 24 -free media (Gillespie et aL, 1992c). This indicated 
the existence of a cyclical mobilization of Ca 2 ^ from 
internal stores. A7r5 cells generated the spontaneous 
increases in [Ca 2+ ]i that were abolished by removal of 
extracellular Ca 2+ or addition of nimodipine, indicating 
that Ca 24 " entry through the L-type Ca 2+ channels is 
required for Ca 2+ spiking (Byron and Taylor, 1993, but 
see Hughes and Schachter, 1994). In this cell, neither 
ryanodine nor thapsigargin did affect Ca 24 " spiking, in- 
dicating that mobilization of intracellular Ca 24 " stores is 
not necessary for spike generation. In longitudinal mus- 
cle strips of the rat uterus (Kasai et aL, 1994), cyclopia- 
zonic acid completely suppressed oxytocin-induced Ca 24 " 
release without changing oxytocin-induced rhythmic 
contractions, suggesting that the Ca 24 " stores are not 
directly involved in uterine rhythmic contractions. 

In canine gastric muscle (OzaM et aL, 1992c), acetyl- 
choline transiently increased tissue levels of IP 3 and 
increased the amplitudes of the plateau phase of slow 
waves and associated Ca 24 " transients and phasic con- 
tractions. High K 4 ", ATP, ionomycin, thapsigargin, and 
caffeine also increased basal [Ca 24 "]^ However, each of 
these compounds reduced the amplitude and duration of 
slow waves. Results suggest that generation of IP 3 may 
provide negative-feedback control of Ca 2+ influx during 
slow waves, possibly through activation of Ca 2 "^-acti- 
vated K 4 * channels, tending to reduce the amplitude of 
phasic contractile activity in gastric muscles. In cultured 
A7r5 cells (Berman and Goldman, 1992), there was an 
inverse relationship between SR Ca 24 * content and 
evoked IP 3 synthesis, suggesting that SR Ca 24 " may 
serve as a signal that modulates sarcolemmal IP 3 for- 
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mation. The increase in [Ca 2 ^] i elicited by IP 3 -induced 
Ca 2 ^ release may inactivate IP 3 -gated channels to de- 
crease Ca 2+ release, and such a negative-feedback path- 
way may be responsible for the Ca 24 " oscillation (Kornori 
et aL, 1993; lino et al., 1993; Zholos et aL, 1994; Carl et 
aL, 1996). 

Stimulations evoke an action potential in some, but 
not all vascular smooth muscles. Action potentials were 
only recorded from myogenic (resistant) vessels and in 
some elastic arteries (see Kuriyama et al., 1995). In 
these arteries, therefore, another mechanism of Ca 2 " 
oscillation may be repetitive generation of action poten- 
tials followed by a transient opening of the t-type Ca 2+ 
channels and a transient increase in [Ca 2+ ] i . Cyclic ap- 
pearance of trains of action potentials may be related to 
variations in [Ca 2 *]^ possibly via inactivation of Ca 2 *- 
dependent K + channels (Himpens et aL, 1990). Liu et al 
(1995) showed that cyclopiazonic acid and caffeine de- 
creased the pacemaker frequency in the canine colon. 
However, ryanodine did not affect the pacemaker fre- 
quency, which indicates that a ryanodine-sensitive store 
is not coupled to the biochemical clock. In A7r5 cells (Wu 
et al,, 1995), vasopressin caused an initial rapid rise and 
a delayed increase in [Ca 2+ ] i . However, in the presence 
of an inhibitor of channel, tetraethylammonium 
chloride, vasopressin consistently triggered sustained 
Ca 2 ^ oscillations which were preceded by a large peak of 
[Ca 2 *]j, In the confluent monolayers of cultured vascu- 
lar smooth muscle (Missiaen et al., 1994a), cells are 
electrically coupled and spontaneous discharges of ac- 
tion potential and subsequent [Ca 2+ ] i oscillations were 
synchronized among all the cells. However, individual 
cells in the monolayer responded to arginine-vasopres- 
sin with different latencies, suggesting that agonist- 
induced [Ca 24 Ji oscillations are asynchronous. Also in 
tail artery isolated from young rats (lino et aL, 1994a), 
relatively low concentrations of norepinephrine could 
induce oscillations of [Ca 2 *^ propagated within the cell 
in the form of a wave and that there was no synchroni- 
zation in [Ca 2+ ] s oscillations between the cells. Cells 
responded to stimulation in an all-or-none manner, and 
increasing the concentration of norepinephrine in- 
creased the frequency of oscillation but not the peak 
concentration of the [Ca 2 " l "] i transient. Since ryanodine 
abolished the [Ca 24 ^ oscillation, the authors suggested 
that sustained contraction of smooth muscle is due to 
summation of [Ca 2+ ] s oscillations produced by Ca 2 * re- 
lease from the SR and that graded responses to different 
levels of stimulation may be accomplished not by a 
graded response within each smooth muscle cell but by a 
graded number of cells within the vascular wall. Low 
concentrations of norepinephrine do not change mem- 
brane potential in rat tail artery (Itoh et aL, 1983), and 
this may be the reason for asynchronous changes in 
[Ca 2 ^. 

c. Calcium gradients. Using one- and two-dimen- 
sional models, Kargacin and Fay (1991) suggested that 



high Ca 2 * concentrations can develop near the plasma- 
lemma in smooth muscle cells as a result of Ca 2+ influx 
or Ca 24 * release, Kargacin (1994) also suggested that the 
Ca concentration in restricted diffusion spaces be- 
tween the plasmalemma and the SR may increase up to 
several and this increase persists for 100-200 ms. 

Goldman et al. (1989) examined the spatial distribu- 
tion of [Ca 24 ^ in arterial myocytes and found that the 
intracellular [Ca 2+ \ was relatively uniformly distrib- 
uted in resting cells. During norepinephrine-evoked con- 
tractions, [Ca 2+ ] i increased with much more heteroge- 
neous distribution. Upon removal of norepinephrine, 
discrete regions of elevated [Ca 24 ^ were observed 
throughout the recovered cells. Similarly, activating 
Na~7Ca 2+ exchange elicited a rise in [Ca 2 ^ with dis- 
crete areas of high [Ca 2 "% In A7r5 cells (Goldman et aL, 
1990), the distribution of apparent [Ca 2 ^ was hetero- 
geneous; [Ca 2 ^ was lowest in the nucleus and highest 
in the organelle-rich perinuclear region, while the sur- 
rounding cytoplasmic area (containing relatively few or- 
ganelles) had intermediate [Ca 2 * 

Etter et al. (1994) loaded the toad stomach smooth 
muscle with C18-fura-2, a fura-2 molecule conjugated to 
a lipophilic alkyl chain which inserts into cell mem- 
branes. They showed that Ca 2+ influx increased [Ca 24 -], 
near the plasmalemma much earlier than [Ca 2+ ]i mea- 
sured globally by fura-2. Using FFP18, a Ca 2+ indicator 
designed to selectively monitor near-membrane [Ca 2 *% 
Etter et aL (1996) further showed that during the mem- 
brane depolarization-induced Ca 2+ influx near-mem- 
brane [Ca z+ ] i rose faster and reached micromolar levels 
at early times when the cytoplasmic [Ca 24 % recorded 
using fura-2, had risen to only a few hundred nanomo- 
lars. High speed series of digital images of [Ca 2 *^ 
showed that near-membrane [Ca 2i % reported by 
FFP18, rose within 20 msec, peaked at 50 to 100 msec, 
and then declined. Calcium concentrations reported by 
fura-2 rose slowly and continuously during membrane 
depolarization. It was also shown that Ca 2+ release from 
the SR increased [Ca 2+ ]j, measured with the Ca 2 *~acti- 
vated K + channel activity (see section ILE,3.), much 
earlier than the average cytosolic [Ca 24 ^ measured with 
fura-2 in bovine and guinea pig coronary arteries (Ste- 
hno-Bittel and Sturek, 1992; Ganitkevich and Isenberg, 
1996a). Calcium concentrations in subplasmalemmal 
space seem to oscillate because STOCs were found to 
oscillate (Kornori et aL, 1993; Lee and Earm, 1994: Hang 
et aL, 1995), 

d. Nuclear calcium. Williams et aL (1985, 1987) 
found that [Ca 2+ ]j in smooth muscle cytoplasm, nucleus 
and the SR are clearly different. The [Ca 24 ^ i n the 
nucleus and the SR were greater than in the cytoplasm 
and these gradients were abolished by Ca 2+ ionophores, 
suggesting that difference in [Ca 24 ^ is not due to arti- 
fact derived from different K 6 values in cytoplasm and 
nucleus, When external Ca 2+ was increased above nor- 
mal in the absence of ionophores, cytoplasmic [Ca 2 *^ 
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increased but nuclear [Ca 2 *]j did not. Himpens et aL 
(1992a, b, 1994) also reported that nuclear [Ca 2 ^ in 
smooth muscle is regulated independently from bulk 
cytoplasmic [Ca 2+ ] it Agonists increase nuclear [Ca 2+ ]j 
by an influx of Ca 2 ^ from perinuclear stores and/or by a 
release of intranuclear Ca 2+ , possibly mediated by a 
process dependent on phosphatidylinositol metabolism. 
Fujihara et aL (1993) also reported that, in cultured rat 
aortic cells, argmine-vasopressin increased the nuclear 
and cytosolic [Ca 2+ ] t . However , caffeine and ryanodine 
greatly attenuated the increase in [Ca 2 "] s in both of the 
regions. Thus, nuclear ECa 2 *^ appears to be regulated 
independently of cytoplasmic [Ca 2+ ] i by gating mecha- 
nisms in the nuclear envelope. 

3, Role of localized calcium. The C a 2 + -sensitive pro- 
cesses at cell membranes including ion channels, ion 
pump and enzymes are activated in situ or in vitro by 
Ca 2 + 10-100 times higher than [Ca 2+ ]j measured dur- 
ing stimulation in intact cells (see Etter et aL, 1996). It 
has been suggested that increased [Ca 2 "^ in the sub- 
plasmalemmal restricted diffusion space could 1) facili- 
tate the coupling of Ca 2+ influx into SR Ca 2 " t " release 
(CIGR), 2) provide a mechanism for the regulation of 
stored Ca 2+ that does not affect the contractile state of 
smooth muscle, and 3) locally activate the specific signal 
transduction pathway before or without activating other 
Ca 2 " -dependent pathways in the central cytoplasm of 
the cell (Rasmussen et al. T 1987; Karaki, 1989a, 1990; 
Kargacin, 1994; Etter et al., 1994, 1996; Van Breemen et 
aL, 1995), 

a. Regulation of ion channels, pump, and ex- 
changer. Calcium ion activates large-conductance K* 
channels, Cl~ channels and nonselective cation chan- 
nels, whereas it inhibits delayed rectifier K 4 * channels 
and inactivates Ca 2_h channels (see Carl et aL, 1996). To 
regulate these ion channels, it is necessary that the 
increases in [Ca 2 **]; occur in a region of close apposition 
of SR membrane and plasmalemma about 100 nm wide 
(see Bolton and Imaizumi, 1996). Thus, one of the roles 
of localized Ca 2+ may be to regulate membrane potential 
by modulating open probabilities of ion channels (Voga- 
lis et aL, 1992), Nelson et aL (1995) suggested that Ca 2+ 
sparks indirectly cause vasodilation through activation 
of K 4 * channels, but have little direct effect on spatially 
averaged [Ca 2H "]j which regulates contractile elements. 
In guinea pig trachea (Hiramatsu et aL, 1994; Kume et 
aL, 1994), forskolin opened C a 2 ^-activated K"*" channel. 
Cyclic AMP-induced increase in noncontractile Ca 2+ 
(see section II.E.1.) may be responsible for this effect. 
ATP inhibited the peak inward Ca 2+ current in guinea 
pig urinary bladder (Schneider et aL, 1991), suggesting 
that the ATP increased [Ca 2+ ] i in the subplasmalemma 
area and inactivated Ca 2+ entry. High concentrations of 
Ca 2 " 5 " activate Ca 24 "-ATPase to stimulate Ca 2 ^ extrusion 
or sequestration. Furthermore, high [Ca 2+ ] i will activate 
Na + /Ca 2+ exchange and transport Ca 2 ^ outside the cell. 



b. Superficial buffer barrier and calcium extru- 
sion. In rabbit aorta (Van Breemen et aL, 1985), high 
-induced 45 Ca 2T influx did not induce contraction 
until the SR is filled with Ca 2+ . In rabbit inferior vena 
cava (Chen et aL, 1992; Chen and Van Breemen, 1993), 
discharging SR Ca 2+ with either caffeine or norepineph- 
rine before stimulation of Ca 2+ influx induced a delay of 
30 to 70 sec between the increase in [Ca 2+ ]j and devel- 
opment of force. This delay was abolished by the appli- 
cation of caffeine. From these and other results, Van 
Breemen and co-workers (Van Breemen and Saida, 
1989; Chen et aL, 1992; Chen and Van Breemen, 1993; 
Van Breemen et aL, 1995) suggested the existence of 
three Ca 2+ compartments in the cytoplasm (ng + 5), The 
first space is the central cytoplasmic space beneath the 
superficial SR and surrounding the contractile elements. 
Calcium ion in this compartment is directly coupled to 
contraction. The second compartment is junctional space 
where the SR and plasmalemma are closely apposed 
leaving a narrow space from which diffusion is restricted 
in a direction parallel to the plasmalemma. Calcium ion 
released from the SR to this compartment is extruded 
from the cell without escaping to the central cytoplasm. 
The third compartment is restricted subplasmalemmal 
space, wider than junctional space and in more free 
diffusion exchange with the central cytoplasm. 

When depleted of Ca 2 *, superficial SR takes up a 
significant fraction of Ca 2+ entering the cell, decreases 
the amount of Ca 2 * reaching the central cytoplasm, and 




Fig. 5. The superficial buffer barrier system suggested by Van 
Breemen et al. (1995). Calcium entering the cell is partially seques- 
tered by the superficial SR from a restricted subplasmalemmal 
space. This process is modulated, by various agonists. Vasodilators, 
which raise cyclic nucleotide levels, will enhance buffering and de- 
crease Ca a + entry in the deeper myoplasm, while C a 2 ' -mobilizing 
agonists, which increase IP 3 , will shortcut the superficial buffer 
barrier and enhance the flow of Ca 2 ^ into the myoplasm. The com- 
bination of basal IP 3 production and cytoplasmic IP 3 phosphatase 
may generate an IP 3 gradient near the plasmalemma,. which would 
activate IP 3 receptors and subsequently ryanodine receptors in the 
junctional regions. The resulting vectorial Ca 2 " 1 " release would raise 
Ca 2 * near the Na"7Ca 2+ exchange to facilitate extrusion of Ca 2+ 
coupled to Na 1 influx. This mode spatially separates Ca 2 * unloading 
at the junctional regions from Ca 2 " 1 " buffering in the restricted sub- 
plasmalemmal space. The resulting peripheral Ca 2+ cycle generates 
a variable Ca 2 + gradient in the subplasmalemmal space, (Reprinted 
with permission from Elsevier Science.) 
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attenuates the contraction (see Van Breemen and Saida, 
1989; Sturek et aL, 1992). Serving as a superficial buffer 
barrier to Ca 2+ entry is the primary action of the super- 
ficial SR (Chen and Van Breemen, 1993; Van Breemen 
et aL, 1995), Measuring [Ca 2 "**]; with aequorin and 
fura-2, Rembold et al. (1995) showed that in swine ca- 
rotid artery [Ca 2+ \ in subplasmalemmal space is 
greater than [Ca 2 ^ in central cytoplasm. Stimulation 
with histamine increased [Ca 2 " f ] i homogeneity possibly 
because of opening the SR Ca 2 ^ channel, decreasing the 
buffering capacity of the SR, and increasing the amount 
of Ca 24 ' reaching the central cytoplasm. It has also been 
suggested that the SR releases Ca 2+ preferentially to- 
ward the junctional space between the SR and plasma- 
lemma (Stehno-Bittel and Sturek 1 1992; Chen and Van 
Breemen, 1993; Van Breemen et al, 1995), Such a vec- 
torial Ca 2+ release may be initiated by a gradient of IP 3 
concentration generated by basal synthesis of IP 3 in the 
plasmalemma. Thus, the Ca 2+ release channel in the SR 
facing plasmalemma may be activated by EP 3 while the 
channels located away from the plasmalemma would be 
exposed to only subthreshold concentrations of IP 3 . Re- 
lease of Ca 2 ^ into the junctional space would then raise 
the [Ca 2 * ]. ( which induces Ca 2+ -induced Ca 2 " release to 
further increase the local [Ca 2 *% Since the Na"7Ca 2 " 
exchanger was demonstrated to be in close proximity to 
the surface SR (Moore et al., 1993), this locally elevated 
[Ca 2+ ]i would activate Na"7Ca 2 ^ exchange in the Ca 2 ^ 
extrusion mode. The Ca 2 * unloading mechanism, which 
would depend on the IP 5 gradient at the junctional 
space, spatially separates it from the buffering action in 
the restricted subplasmalemmal space (fig. 5), 

c. Regulation of proliferation. Inhibition of Ca 2+ 
influx by Ca 2+ channel blockers (Haller, 1993; Waters 
and Lesperance, 1994; Kruse et al, 1994; Luscher et al., 
1995) or estrogen (Farhat et ah, 1996) inhibited cell 
proliferation. Furthermore, release of Ca 2+ from the SR 
was necessary for smooth muscle cell proliferation 
(Short et al., 1993; Waldron et al, 1994). These results 
suggest that the increase in [Ca 2+ ] f resulting from not 
only Ca 2 * influx but also from SR Ca 2 " release plays an 
important role in cell proliferation. Endothelin-1 
(Sakata et al. f 1989), angiotensin II (Kruse et aL, 1994), 
platelet-activating factor (Ko et aL, 1993; Kim et aL, 
1995a), prostaglandin F 2o (Ozaki et aL, 1990c; Hi- 
sayama et aL, 1990) and ATP (Kitajima et aL, 1993, 
1994, 1996a) increased [Ca 2+ ] i by Ca 2+ release and Ca 2 * 
influx (through the L-type Ca 2 * channel, nonselective 
cation channel, and/or capacitative Ca 2 * entry path- 
way). All of these agonists are also known to activate 
proliferation (Bobik and Campbell, 1993; Jahan et aL, 
1996). Furthermore, both of the effects of these GTP- 
binding protein-coupled vasoactive agents to induce con- 
traction and to activate proliferation may be mediated 
by a tyrosine kinase pathway (Hollenberg, 1994a, b). 
Since endothelin-1, prostaglandin F 2a and ATP increase 
noncontractile [Ca 2 *]^ it is tempting to suggest that role 



of the noncontractile Ca 2+ may be to activate smooth 
muscle cell proliferation. 

UL Changes in Calcium Sensitivity 

A Increase in Calcium Sensitivity 

Simultaneous measurements of [Ca 2 " 1 "^ and contrac- 
tion showed that receptor agonists and phorbol esters 
induced greater contractions than high K + at a given 
tCa 2+ ]i (see section II.C.X Changes in Ca 2 ^ sensitivity 
are observed not only in tonic-type smooth muscle such 
as large arteries but also phasic-type smooth muscle 
such as gastrointestinal muscle. In tonic muscle, ago- 
nists induce a sustained increase in Ca 2 * sensitivity. In 
phasic muscle, in contrast, temporal changes in Ca 2 * 
sensitivity are observed (Ozaki et aL, 1991b, 1993). Ago- 
nists transiently increase Ca 2 ^ sensitivity followed by a 
decrease, resulting in a phasic contraction. The differ- 
ences between phasic and tonic types of smooth muscle 
are summarized by Himpens (1992), Ozaki and Karaki 
(1993) and Sanders and Ozaki (1994). 

A technique developed to make small holes in the 
smooth muscle cell membrane using the saponin analog, 
/3-escin, or Staphylococcus aureus o>toxin made it possi- 
ble^ precisely regulate the cytosolic concentrations of 
Ca + as well as other substances with molecular weights 
less than 1000 without disrupting receptor/signal trans- 
duction pathways and the contractile machinery. In 
these preparations, Ca 2 * induced contraction in the 
presence of ATP. This contraction was augmented by 
norepinephrine and other receptor agonists in the pres- 
ence of fixed concentration of Ca 24 *. Since GTP was 
necessary for the agonist-induced augmentation of 
Ca 2 *-induced contraction, and since GTP7S showed ef- 
fects similar to those of agonists, it was proposed that 
agonists increase the Ca 2 * sensitivity of contractile ele- 
ments by activating a GTP-binding protein (Nishimura 
et aL, 1988, 1990; Kitazawa et al., 1989, 1991b). Phorbol 
esters also augmented Ca 2 *-induced contraction al- 
though GTP was not necessary for the effects of phorbol 
esters. Augmentation of Ca 2 *-induced contractions elic- 
ited by receptor agonist or phorbol ester was inhibited by 
the C kinase inhibitor, calphostin C or I-(5-isoquinoH- 
nylsuIfonyl)-2-methylpiperazine (H-7) (Nishimura et aL, 
1992; Takizawa et aL, 1993; Katsuyama and Morgan, 
1993; Jiang et aL, 1994; Satoh et aL, 1994). These results 
suggested that C kinase activation is necessary to in- 
duce Ca 2 * sensitization. On the other hand, Oishi et aL 
(1992) reported that C kinase inhibitor did not prevent 
the Ca 2+ sensitization induced by acetylcholine in stom- 
ach smooth muscle. Moreover , the desensitization of the 
C kinase activity by long exposure to phorbol ester com- 
pletely inhibited the Ca 2 * sensitization induced by phor- 
bol esters but not that induced by receptor agonists 
(Hori et aL, 1993b). This result suggests that Ca 2 * sen- 
sitivity of contractile elements may be increased by 
pathways dependent on and independent of C kinase. 
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This result was confirmed by others (Itoh et aL, 1994c; 
Rapoport et aL, 1995; Fujita et al., 1995; Jensen et aL, 
1996). Recently, isoforms of C kinase in arteries were 
immunologically examined and Ca 2_f -dependent a-iso- 
form of C kinase and/or Ca 2+ -independent 5- and e-iso- 
forms of C kinase were found to be necessary for the 
phorbol ester-mediated contractions (Khalil et al., 1992; 
Ohanian et al., 1996), Furthermore, Jensen et al. (1996) 
reported that although both phorbol ester-induced and 
GTP-binding protein^coupled Ca 2+ sensitization of force 
are mediated by increased MLC phosphorylation, it is 
likely that a- t j3-, €«, and 0-isoforrns of C kinases do not 
play an essential role in the GTP-binding protein-cou- 
pled mechanism, 

Smooth muscle contraction is explained by Ca 2 " E "-de- 
pendent activation of MLC kinase and phosphorylation 
of MLC (Kamm and Stull, 1985; Hartshorne, 1987), Ob- 
served variations in the relation between [Ca 24 "] i and 
contraction is explained at least partly by variations in 
the relationship between [Ca 2+ ]i and MLC phosphoryla- 
tion but not between MLC phosphorylation and contrac- 
tion (Rembold, 1990). There are four proposed mecha- 
nisms for changes in the Ca 2 * sensitivity of 
phosphorylation (fig. 6). 

The first mechanism is that increases in tCa 2 "^ acti- 
vate Ca^-calmodulin-dependent protein kinase II 
which phosphorylates MLC kinase thus decreasing its 
activity (Stull et al., 1990; Tansey et al., 1992). Agonists 
would somehow inhibit this negative feedback pathway. 
However, studies in both airway and vascular smooth 
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PlG. 6. Mechanisms of agonist-induced Ca 2+ sensitization in 
smooth muscle. Stimulation of a receptor increases [Ca 2 + ] iP activates 
MLC kinase (MLCK), phosphorylates MLC, and induces contraction. 
This process is modulated by four different mechanisms. The first 
mechanism is the inhibition of Ca 2 ^-calmodulm-dependent protein 
kinase II (CaMKH), which phosphorylates MLC kinase and inhibits 
its activity (1). The second mechanism is inhibition of MLC phos- 
phatase (PPase) (2). Arachidonic acid, produced by receptor-medi- 
ated activation of phospholipase A^, may directly inhibit phos- 
phatase (2A). C kinase and tyrosine kinase may also inhibit 
phosphatase by inhibiting the endogenous inhibitor of phosphatase 
(2B). The third mechanism is to increase free calmodulin concentra- 
tion (3). The fourth mechanism is to activate actin independently of 
MLC phosphorylation (4). 



muscles showed that increased [Ca 2+ ]j increased phos- 
phorylation of MLC kinase independent of the stimula- 
tion, suggesting that this possibility is not likely under 
conditions of physiological muscle stimulation (Tang et 
aL, 1992; Van Kiper et al., 1995). 

Somlyo and co-workers (Somlyo et al., 1989; Kitazawa 
et aL, 1991a, b) have asserted a second hypothesis for 
altering the Ca 2 + sensitivity of MLC phosphorylation by 
agonist-induced phosphatase inhibition. It was also re- 
ported that GTP7S may increase the Ca 2H " sensitivity of 
contractile elements by directly inhibiting protein phos- 
phatase (Kubota et aL, 1992). There are two mechanistic 
hypotheses for phosphatase inhibition. The first mecha- 
nism is that agonists activate phospholipase A2 to cleave 
arachidonic acid from membrane phospholipids which, 
in turn, inhibits MLC phosphatase. Arachidonic acid 
enhanced Ca 2 *-induced contractions in ct-toxin perme- 
abilized smooth muscle and inhibited MLC phosphatase 
in vitro (Gong et al., 1992). It has also been reported that 
arachidonic acid release is associated with inhibition of 
dephosphorylation of MLC in intact smooth muscle tis- 
sue (Gong et aL, 1995). The second mechanism is that 
receptor agonists activate rho, a small GTP binding pro- 
tein, which may directly or indirectly inhibit MLC phos- 
phatase (Hirata et aL, 1992; Fujita et aL, 1995; Noda et 
aL, 1995; Itagaki et aL, 1995; Kokubu et al,, 1995; Otto 
et aL, 1996; Gong et aL, 1996). In permeabilized smooth 
muscle, C3 exoenzyme isolated from Clostridium botu- 
linum, which is known to selectively inactivate rho p21 
by ADP ribosylation, inhibited the augmentation of 
Ca^-induced contractions elicited by GTP7S or receptor 
agonists. It has been reported that phosphorylation of 
the large subunit of MLC phosphatase decreased phos- 
phatase activity and that there was an endogenous pro- 
tein kinase that phosphorylated the large subunit 
(Trinkle-Mulcahy et al., 1995; Ichikawa et aL, 1996). 
Recently, Matsui et aL (1996) reported that a novel 
rho-associated serine/threonine kinase (rho kinase) 
phosphorylated the myosin-binding subunit of MLC 
phosphatase in vitro. Kimura et aL (1996) also reported 
that rho kinase phosphorylated myosin-binding subunit 
of MLC phosphatase and inhibited its activity. Further- 
more, over-expression of rho or activation of rho in NIH 
3T3 cells increased phosphorylation of both subunit of 
MLC phosphatase and MLC. In swine vascular smooth 
muscle, Nishimura et aL (1996) reported the messenger 
RNA expression of rho A and rho kinase. These findings 
indicate that receptor agonists may activate the rho/rho 
kinase pathway, phosphorylate the large subunit of the 
phosphatase, and inhibit phosphatase activity. Phorbol 
esters also decrease the rate of relaxation and MLC 
dephosphorylation, suggesting that C kinase increases 
Ca 2 sensitivity through the inhibition of MLC phos- 
phatase (Itoh et al., 1993; Masuo et al., 1994), There are 
six phosphorylation sites for C kinase in the myosin- 
binding subunit although the effects of phosphorylation 
are not known (Chen et aL, 1995; Shimizu et al., 1994). 
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A third factor which may affect Ca 2+ sensitivity is the 
availability of calmodulin. It is well known that concen- 
tration of the Ca 2 ^-calmodulin complex can regulate the 
MLC kinase activity, and that Ca 2+ concentration is 
regulated. However, it was postulated that the large 
intracellular pool of calmodulin is freely diffusible and 
saturating for kinase activity in living cells. From exper- 
iments of fluorescent recovery after photobleaching, 
however, it was found that only 5% of total calmodulin is 
freely diffusible in resting cells (Tansey et aL, 1994; 
Luby-Phelps et aL, 1995). Zimmerraann et al. (1995) also 
estimated from flash photolysis studies with caged Ca 2+ 
and caged ATP that the endogenous calmodulin concen- 
tration available in the resting state was of less than 
micromolar. Furthermore, Luby-Phelps et al. (1995) 
found that the diffusion coefficient and the percent mo* 
bile fraction of calmodulin were increased when [Ca 2 ^ 
was elevated. These results suggest that endogenous 
calmodulin is compartmentalized into several intracel- 
lular pools with different affinities and is mobilized in a 
Ca 24 "-dependent manner. In neuroblastoma cells, it has 
been reported that carbachol stimulated a translocation 
of calmodulin from membrane to cytosol (Mangels and 
Gnegy, 1992). Thus, it is possible that not only Ca 2+ 
concentration but also calmodulin concentration is reg- 
ulated, and that changes in calmodulin concentration 
determine the Ca 24 " sensitivity of MLC phosphorylation. 

The agonist-induced increase in Ca 2 * sensitivity may 
also result from activation of an actin-Iinked regulatory 
mechanism (Tansey et ah, 1990; Stull et aL, 1991; Sato 
et aL, 1992; Hori et aL r 1992; Karaki, 1995a, b, c; Kamm 
and Grange, 1996). In the absence of external Ca 2 % 
prostaglandin F 2af> endothelin-1, and phorbol esters in- 
duced sustained contractions in muscles in which Ca 2 " 1- 
stores had been depleted (Sato et aL, 1992; Hori et aL, 
1992; Katsuyama and Morgan, 1993). These contrac- 
tions were accompanied by increases in the rate of cross- 
bridge cycling of actomyosin although MLC phosphory- 
lation stayed at a resting level (Sato et aL, 1992; Hori et 
aL, 1992). Wortmannin, an inhibitor of MLC kinase, 
inhibited the MLC phosphorylation with only partial 
inhibition of contractions induced by prostaglandin F 2a 
in the presence of external Ca 2 ^ (Takayama et al" 
1996). Takayanagi and coworkers also showed that the 
contractions mediated by the o^-adrenoceptor were not 
inhibited by a MLC kinase inhibitor, KT5926 [(8R* 9S*, 
llS*)-(-)-9-hydroxy-9-methoxycarbonyl-8-methyl-14-rt- 
propoxy^^^^O-tetrahydro-eai-epoxyJH-S/f-llH- 
2,7b,lla-triazadibenzo[a,g]cycloocta[c<fe]trinden-l-oneJ 
(Satoh et aL, 1995; Takayanagi et aL, 1997). These re™ 
suits suggest that smooth muscle contraction is regu- 
lated not only by MLC phosphorylation but also by a 
phosphorylation-independent mechanism, possibly a 
mechanism linked to actin. The actin-linked mechanism 
may be more sensitive to Ca 24 " than MLC kinase and 
activated by agonists in the presence of resting level of 
[Ca 2 "] i (Karaki, 1995a,. b, c), Actuvbinding proteins such 



as caldesmon (Sobue et aL, 1981, 1982, 1991; Walsh, 
1987, 1990), calponin (Takahashi et aL, 1986, 1988; Na- 
kamura et aL, 1993; Ichikawa et aL, 1993; Mino et aL, 
1995) and MLC kinase (Ebashi, 1990, 1991; Kohama et 
aL, 1996) may be responsible for this regulatory mech- 
anism (for review, see Kamm and Grange, 1996). Phos- 
phorylation of caldesmon induced by mitogen-activated 
protein kinase was suggested to be one of the mecha- 
nisms of Ca 2+ sensitization because the phosphorylation 
of caldesmon decreased its ability to inhibit actomyosin 
ATPase in vitro (Adam et al., 1989, 1992; Adam, 1996; 
Gerthoffer and Pohl, 1994). Khalil and Morgan (1993) 
also reported that the translocation of C kinase induced 
by phenylephrine was associated with transient trans- 
location of cytosolic mitogen-activated protein kinase to 
the membrane before contraction and redistribution 
away to cytoplasm during contraction. They suggested a 
role for mitogen-activated protein kinase in the signal 
transduction cascade linking C kinase activation to 
smooth muscle contractility. In contrast to these reports, 
Nixon et aL (1995) reported that phosphorylation of 
caldesmon by recombinant mitogen-activated protein ki- 
nase (p42mapk) had no effect on resting tone or Ca 24 " 
sensitivity of contraction in permeabilized smooth mus- 
cle. 

Itoh et al. (1994b,d) showed that calponin inhibited 
actln-activated Mg^-ATPase activity with a propor- 
tional increase in its binding to actomyosin and also 
attenuated Ca 2 -*" -induced contractions in permeabilized 
arterial strips in the presence or absence of calmodulin. 
Calponin, when phosphorylated by C kinase, reduced 
both its ability to bind to actomyosin and its inhibitory 
action on actomyosin Mg^-ATPase. The phosphory- 
lated calponin also had no effect on the maximum Ca 24 "- 
induced contraction in permeabilized smooth muscle, 
suggesting that these actions of calponin are specific! 
Calponin attenuated the Ca 24 " -independent contraction 
observed in MLC thiophosphorylated strips, or on appli- 
cation of trypsin-treated MLC kinase. A calponin pep- 
tide (calponin Phe~173-Arg-185), which inhibits the 
binding of calponin to actin, inhibited the action of cal- 
ponin and enhanced the contraction induced by sub- 
maximal concentrations of Ca 24 " in permeabilized vas- 
cular smooth muscle. Unlike calmodulin, this peptide 
enhanced the Ca 24 " -induced contraction without a corre- 
sponding increase in the level of MLC phosphorylation. 
These results suggest that calponin decreases the Ca 24 * 
sensitivity of smooth muscle at a given level of MLC 
phosphorylation. However, Adam et al. (1995) showed 
that caldesmon but not calponin was phosphorylated 
during contractions of swine carotid arteries stimulated 
with histamine, high K 4 " or phorbol ester. 

Agonists increase Ca 24 " sensitivity of contractile ele- 
ments in vascular (De Feo and Morgan, 1985; Sato et aL, 
1988a; Karaki et aL, 1988a; Sakata et aL, 1989; Takay- 
anagi and Onozuka, 1989; Rembold, 1990), tracheal 
(Gerthoffer et al., 1989; Ozaki et aL, 1990b) and gastric 
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smooth muscle (Ozaki et al., 1991b, 1992a, 1993; Oishi 
et aL, 1992). However, Ca 2 ^" sensitivity is not increased 
in uterine (Sakata and Karaki, 1992; Szal et aL, 1994; 
Kim et aL, 1995a) and chicken gizzard smooth muscle 
(Anabuki et aL, 1994). In rat anococcygeus muscle 
(Shimizu et al,, 1995) and guinea pig taenia coli (Mitsui 
and Karaki, 1990, 1993), the increase in Ca 2+ sensitivity 
was observed in permeabilized muscle but not in intact 
muscle. Because the mechanism of Ca 2+ sensitization is 
not yet understood, the reasons for these tissue differ- 
ences are not clear. 

B. Decrease in Calcium Sensitivity and Inhibition of 
Agonist-Induced Increase 

The increases in cyclic AMP due to ^-adrenergic stim- 
ulation and in cyclic GMP due to nitric oxide, atrial 
natriuretic peptides and nitro-vasodilators result in in- 
hibition of contraction in intact smooth muscle (see Bui- 
bring and Tomita, 1987; Kamm and Stull, 1989; Ignarro 
and Kadowitz, 1985; Ignarro, 1989). One of the mecha- 
nisms for the relaxation induced by these cyclic nucleo- 
tides was considered to be a decrease in [Ca 2 ^] i (see 
McDaniel et al., 1994; Kotlikoff and Kamm, 1996). Si- 
multaneous measurements of [Ca 2+ ] £ and muscle force, 
however, showed that these cyclic nucleotides more 
strongly inhibited contraction than [Ca 2+ li, suggesting 
that cyclic nucleotides caused muscle relaxation by de- 
sensitization of contractile elements to Ca 2+ (Karaki et 
al., 1988b; Abe and Karaki, 1989, 1992b; Gunst and 
Bandyopadhyay, 1989; Tajimi et al., 1991; Chen and 
Rembold, 1992; McDaniel et al,, 1992; Ozaki et al., 
1992b, 1993; Kwon et aL, 1993; Yamagishi et aL, 1994). 
Furthermore, cyclic AMP and cyclic GMP inhibited 
Ca 2-1 " -induced contraction and agonist-induced augmen- 
tation of Ca 2+ -induced contraction in permeabilized 
smooth muscle (Nishimura and Van Breemen, 1989; 
Ozaki et al., 1992a, b; Tajimi et aL, 1995). Paglin et al. 
(1988) found that, in rabbit aorta, atrial natriuretic pep- 
tide uncoupled MLC phosphorylation from the increase 
in [Ca 2+ li elicited by angiotensin II or histamine. Sue- 
matsu et al. (1991a) reported that forskolin significantly 
shifted the Ca 2+ -force curve and the Ca 2+ -MLC-phos- 
phorylation curve to the right without changing the 
phosphorylation-force curve. These results suggest that 
both cyclic AMP and cyclic GMP increase the Ca 2 * re- 
quirement for MLC phosphorylation (Ca 2 * desensitiza- 
tion of MLC phosphorylation) either by inhibiting MLC 
kinase or activating MLC phosphatase. Phosphorylation 
of MLC kinase induced by cyclic AMP-dependent protein 
kinase would decrease the affinity of MLC kinase for 
Ca 2 " 4 ", resulting in a decrease of MLC kinase activity at 
a given Ca 2+ in vitro (Adelstein et al., 1978; de Lanerolle 
et al., 1984). Recent work, however, demonstrated that 
the cyclic AMP-induced phosphorylation of MLC kinase 
is not the physiological mechanism for cyclic AMP-in- 
duced smooth muscle relaxation (Miller et al., 1983; 
Stull et al., 1990; Tang et aL, 1992; Van Riper et aL, 



1995). Itoh et al. (1993) reported that a water-soluble 
forskolin, NKH477, activated MLC phosphatase in rat 
aorta. There are four phosphorylation sites in the 
smooth muscle phosphatase by A kinase (Shimizu et al., 
1994), although the effects of phosphorylation on the 
phosphatase activity have not been defined. 

Activation of G kinase did not decrease MLC kinase 
activity by phosphorylating MLC kinase (Nishikawa et 
aL, 1984). Recently, it has also been reported that cyclic 
GMP inhibited Ca 2+ -induced contraction accompanied 
by a decrease in MLC phosphorylation (Kitazawa et al., 
1996; Wu et aL, 1996). The rate of relaxation and de- 
phosphorylation of MLC was accelerated by 8-bromo- 
cyclic GMP in permeabilized muscle, suggesting that 
cyclic GMP activates the MLC phosphatase via G ki- 
nase. However, it has also reported that cyclic AMP and 
cyclic GMP relaxed the contraction without a propor- 
tional change in MLC phosphorylation in intact (Mc- 
Daniel et al., 1992) and permeabilized muscle prepara- 
tions (Su et al., 1996). Furthermore, these cyclic 
nucleotides also inhibited the contractions that are de- 
pendent neither on Ca 2 * nor on MLC phosphorylation 
elicited by receptor agonists and phorbol esters in the 
absence of external Ca 2+ (Ozaki et aL, 1990c; Tajimi et 
aL, 1995). These results suggest that cyclic nucleotides 
inhibit not only MLC phosphorylation-dependent path- 
way but also -independent pathway regulating contrac- 
tile elements, although the details of the inhibitory 
mechanisms are not yet understood. 

IV* Effects of Pharmacological Agents 

A. Activators and Inhibitors of Protein Kinases and 
Phosphatases 

1. Myosin light chain kinase, Wortmannin is a potent 
inhibitor of smooth muscle MLC kinase produced by a 
fungal strain, Talaromyces wortmannin (Nakanishi et 
aL, 1992), It inhibits MLC kinase at 10 nM to 1 fjM 
concentrations without affecting A kinase, G kinase, C 
kinase and Ca 24 7calmodulin-dependent protein kinase 
II. However, it also inhibits phosphatidylinositol 3-ki- 
nase at concentrations lower than 10 nM (Okada et aL, 
1994). In rabbit aorta (Asano et al., 1995a), wortmannin 
inhibited high K + -induced contraction without changing 
[Ca 2 "] t . In rat aorta, Takayama et al. (1996) showed that 
wortmannin decreased MLC phosphorylation to resting 
level and inhibited contractions induced by high K + . 
However, wortmannin did not change the high K H -in- 
duced increase in [Ca 2+ ] £ . Wortmannin also decreased 
MLC phosphorylation to resting level in the presence of 
phenylephrine or prostaglandin F 2fX without changing 
ECa 2 "*"];. In canine gastric antrum, wortmannin changed 
neither resting membrane potential nor spontaneous 
slow waves (Burke et al., 1996). These results suggest 
that wortmannin inhibited MLC kinase without chang- 
ing Ca 2 * mobilization. However, a part of the contrac- 
tion induced by prostaglandin F 2 „ was not inhibited by 
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wortmannin (Takayama et aL, 1996), suggesting that 
although contractions in rat aorta are due mainly to 
phosphorylation of MLC, another contractile mechanism 
exists which is not dependent on MLC phosphorylation 
or dependent only on resting level of MLC phosphoryla- 
tion (Hori et al., 1992; Sato et al., 1992; Karaki, 1995a, 
b, c), Wortmannin also inhibited the release of human 
immunodeficiency virus type 1 from host cells by inhib- 
iting myosin-actin interaction (Sasaki et al, 1995). 

l-(5-Chloronaphthalene-l-sulfonyl)-12J-hexahydro- 
1,4-diazepine (Ml-9) is also an inhibitor of MLC kinase 
(Ishikawa et ah, 1988; Ishikawa and Hidaka, 1990). In 
endothelial cells, wortmannin and Ml-9 inhibited bra- 
dykinin-induced Ca 2+ influx (Watanabe et al., 1996), 
However, there is no report on the effect of Ml-9 on 
[Ca 2+ ]j in smooth muscle, l-[5-Isoquinoline-sulfonyl]-ho- 
mopiperazine also inhibits MLC kinase (Seto et aL, 
1991), This compound inhibited contractions induced by 
high K + and norepinephrine with a small but significant 
decrease in [Ca 2 ^ in rat aorta (Takizawa et al., 1993), 
suggesting that l-[5-isoquinoIine-sulfonyl]-homopipera- 
zine inhibits not only MLC kinase but also Ca 24 " chan- 
nels. An antibiotic, NA0334, inhibits smooth muscle con- 
traction by inhibiting MLC kinase (Kohama et aL, 1991), 
2. A kinase. The role of A kinase on smooth muscle 
contraction has been reviewed by Bulbring and Tomita 
(1987), Kamm and Stull (1989) and Kotlikoff and Kamm 
(1996), A kinase is activated by cyclic AMP produced by 
activation of adenylate cyclase. The ^adrenoceptor ago* 
nists and forskolin are widely used to activate this en- 
zyme. Inhibitors of phosphodiesterase also increase cy- 
clic AMP, The effects of these agents on Ca 2+ 
movements in smooth muscle are variable. 

As described in section II.E.l.e., cyclic AMP increases 
[Ca 2+ ]i in noncontractile compartment in ferret portal 
vein and bovine trachea. However, it relaxes smooth 
muscle by decreasing Ca 24 " sensitivity of contractile el- 
ement. In contrast to the above results, cyclic AMP de- 
creases [Ca 24 ^ in other types of smooth muscle. In lon- 
gitudinal smooth muscle from guinea pig ileum (Parker 
et aL, 1987), isoproterenol suppressed the spontaneous 
increase in [Ca 24 "^ measured with fura-2, and reduced 
the resting [Ca 24 "]^ In ferret aorta (De Peo and Morgan, 
1989), forskolin inhibited high K 4 * -induced contraction 
accompanied by the decreases in both [Ca 2+ ] { and Ca 2+ 
sensitivity. In canine trachea (Fujiwara et aL, 1988), a 
/3 2 -adrenoceptor agonist, procaterol, increased cyclic 
AMP, hyperpolarized the membrane and inhibited the 
increase in [Ca 24 "] f induced by acetylcholine. In guinea 
pig trachea (Ito et aL, 1995), isoproterenol produced 
relaxation, mainly by inhibiting Ca 24 " influx. In cultured 
vascular smooth muscle cells (Hino et aL, 1994), para- 
thyroid hormone, forskolin and 3-isobutyl-l-methyIxan- 
thine decreased [Ca 2+ ]j measured with fura-2. In rat 
aortic smooth muscle cells (Ohoka et al., 1990), a cyclic 
AMP-specific phosphodiesterase inhibitor, loprinone hy- 
drochloride (E-1020), increased the cyclic AMP and de- 



creased [Ca 2+ \. In rat aorta (Ahn et aL, 1992), forskolin 
and dibutyryl cyclic AMP inhibited 45 Ca 24 influx due to 
norepinephrine without changing high K + ~stimulated 
45 Ca 2 " influx. These results suggest that cyclic AMP- 
induced relaxation is caused by the cyclic AMP-medi- 
ated decrease in [Ca 24 "]; due to indirect inhibition of the 
L-type Ca z * channel, possibly mediated by activation of 
K + channels and resulting membrane hyperpolariza- 
tion, and also inhibition of the receptor-coupled signal 
transduction. 

In some types of smooth muscle, cyclic AMP decreases 
both [Ca 2 "^ and Ca 2 ^ sensitivity. In resting rat aorta 
(Abe and Karaki, 1989), forskolin decreased both muscle 
tension and [Ca 24 ^ measured with fura-2. Furthermore, 
addition of forskolin during the sustained contractions 
induced by high or norepinephrine decreased con- 
traction more strongly than [Ca^jj. In the high K*- 
depolarized carotid artery (Chen and Rembold, 1992), 
forskolin also relaxed high K + -induced contraction with- 
out decreasing Ca 2_H influx, which was measured with 
Mn 2+ -induced fura-2-quenching or [Ca 24 *^. The de- 
creases in both [Ca 2+ ]i and Ca 2+ sensitivity were elic- 
ited by the cyclic AMP-specific phosphodiesterase inhib- 
itors, E-1020 in rat aorta (Tajimi et aL, 1991), dibutyryl 
cyclic AMP and parathyroid hormone-related protein in 
rat aorta (Ishikawa et aL, 1994), dibutyryl cyclic AMP in 
rat stomach (Ohta et al., 1992), and isoproterenol, fors- 
kolin, vasoactive intestinal peptide and calcitonin gene- 
related peptide (CGRP) in circular muscles of canine 
antrum (Ozaki et aL, 1992b). In rat aorta, papaverine 
relaxed high K^-induced contraction accompanied by a 
decrease in [Ca 24 ^ (Kaneda, T., personal communica- 
tion). In rat aorta (Chang et aL, 1991), a papaverine 
analog, ^(S'^'-dimethoxyphenylethyD-^methoxy phe- 
nylacetamide, inhibited high K 4 " -induced contraction ac- 
companied by a decrease in ICa 2 "^ and a decrease in 
Ca 24 " sensitivity. 

In swine common carotid media tissues, however, cy- 
clic AMP does not seem to decrease Ca 2+ sensitivity. 
McDaniel et al. (1991) showed that, in tissues precon- 
tracted with phenylephrine or histamine, forskolin in- 
creased cyclic AMP and elicited relaxation. These 
changes were accompanied by the decrease in [Ca. 2 *\ 
measured with aequorin as well as MLC phosphoryla- 
tion. This relaxation was not associated with an alter- 
ation of the Ca 24 " sensitivity of phosphorylation or of the 
dependence of stress on phosphorylation. 

In primary (unpassaged) rat aortic smooth muscle 
cells, Lincoln et aL (1990) reported that forskolin inhib- 
ited the vasopressin-stimulated increase in [Ca 2+ ]j, In 
repetitively passaged cells, however, forskolin by itself 
increased [Ca 2+ ] i by apparently stimulating Ca 2 ^ up- 
take into the cell and had much smaller effects on inhib- 
iting vasopressin-stimulated [Ca 2+ ] L elevations. Both 
primary and passaged smooth muscle cells contained A 
kinase. G kinase was greatly reduced or absent in pas- 
saged smooth muscle cells. The introduction of purified 
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G kinase into the cytoplasm of passaged cells prevented 
forskolin from elevating [Ca 2+ \ and restored the capac- 
ity of forskolin to reduce vasopressin-stimulated Ca 24 * 
mobilization. Similar effects were observed for isoproter- 
enol in passaged Bmooth muscle cells. When introduced 
into cells, the active catalytic subunit of the A kinase did 
not lead to reductions in Ca 24 " levels. These results sug- 
gest that cyclic AMP activates both A kinase and G 
kinase. Activation of G kinase by cyclic AMP leads to the 
reduction in [Ca 2+ ]( whereas activation of A kinase may 
only mediate the uptake of Ca 24 " from extracellular 
sources. Also, in swine coronary arteries (Jiang et ah, 
1992), isoproterenol and forskolin activated both A ki- 
nase and G kinase whereas sodium nitroprusside and 
atrial natriuretic peptide activated G kinase without 
changing A kinase. In permeabilized rat mesenteric ar- 
tery, both cyclic AMP and cyclic GMP decreased Ca 2+ 
sensitivity by activating G kinase (Kawada et al., 1997). 
In contrast, cyclic GMP but not cyclic AMP activated the 
plasmalemmal Ca 2+ pump (see section ILD. 5. ) t suggest- 
ing that G kinase was not activated by cyclic AMP in 
these experiments. 

These results suggest that cyclic AMP may increase 
[Ca 24 1 x in the noncontractile compartment and either 
decrease or do not change [Ca 24 *^ in the contractile 
compartment. In addition, cyclic AMP may decrease the 
Ca 24 " sensitivity of the contractile elements. In some 
types of smooth muscle, either a decrease in the contrac- 
tile [Ca 2 " ! "] i or a decrease in the Ca 24 " sensitivity plays an 
important role whereas both of these mechanisms are 
important for relaxation in other types of smooth mus- 
cle. Also there may be a concentration-dependent differ- 
ences in the mechanisms of action of cyclic AMP. 

In isolated rat aorta (Abe and Karaki, 1992b), forsko- 
lin and dibutyryl cyclic AMP inhibited norepinephrine- 
induced contraction more strongly than high K + -in- 
duced contraction, and the contraction induced by lower 
concentrations of each stimulant was more sensitive to 
these inhibitors than that induced by higher concentra- 
tions. Forskolin and dibutyryl cyclic AMP inhibited the 
increases in muscle tension and [Ca 24 ^. The inhibitory 
effects of forskolin and dibutyryl cyclic AMP were in- 
versely proportional to ECa 24 '] i before the addition of 
these inhibitors. In DDT1MF-2 smooth muscle cells 
(Schachter et aL, 1992), the simultaneous addition of 
norepinephrine and a selective Aj-adenosine receptor 
agonist, cyclopentyladenosine i resulted in a synergistic 
increase in phosphoinositide hydrolysis. Buffering of 
[Ca 2+ ] i with the membrane-permeant Ca 24 " chelator, 
quin2, blocked the potentiation and this effect was re- 
versed by the addition of extracellular Ca 2+ . Forskolin 
or dibutyryl cyclic AMP also blocked the action of the 
adenosine agonist to potentiate norepinephrine-stimu- 
lated phosphoinositide hydrolysis. This effect of cyclic 
AMP was less pronounced in the presence of elevated 
extracellular Ca 2 * and was abolished in the presence of 
a Ca 24 " ionophore. These results suggest that the inhib- 



itory effects of cyclic AMP are antagonized by an in- 
crease in [Ca 24 "]^ 

Mechanisms of relaxant effects mediated by cyclic 
AMP may be summarized as follows: 1) inhibition of the 
receptor-mediated signal transduction (Abdel-Latif, 
1991; Schachter et al., 1992; Ahn et al., 1992) resulting 
in the inhibition of all the effects of agonists including 
Ca 24 " release, Ca 24 * influx and Ca 24 " sensitization; 2) 
dissociation of contraction from MLC phosphorylation; 
3) increase in SR Ca 2+ uptake; 4) decrease in the Ca 24 " 
sensitivity of MLC phosphorylation possibly by activat- 
ing MLC phosphatase; and 5) increase in noncontractile 
[Ca 2+ \ which may result in activation of channels 
and membrane hyperpolarization. A part of these effects 
may be mediated by G kinase but not by A kinase. 

3. G kinase. Role of G kinase on smooth muscle con- 
traction has been reviewed by Ignarro and Kadowitz 
(1985) and Kamm and Stull (1989). G kinase is activated 
by cyclic GMP produced by stimulation of guanylate 
cyclase by nitric oxide, atrial natriuretic peptide, and 
nitro-vasodilators. Effects of nitric oxide on Ca 24 " move- 
ments will be described in section IV.E. Effects of G 
kinase on SR functions have been described in section 
ILD.5. Similar to A kinase, effects of G kinase on Ca 24 " 
movements are diverse. 

There are some reports indicating that the G kinase- 
mediated relaxation is due to a decrease in [Ca 24 "]^ In 
cultured rat aortic smooth muscle cells, Kai et al. (1987) 
reported that 8-bromo-cyclic GMP decreased [Ca 24 "^ 
measured with fura-2 either in resting or in high K"- 
depolarized condition. In freshly isolated bovine tracheal 
smooth muscle cells, 8-bromo-cyclic GMP and the active 
fragment of G kinase, but not the catalytic subunit of A 
kinase, lowered carbachol-induced [Ca 24 "^ measured 
with fura-2 (Felbel et al., 1988). In cultured vascular 
smooth muscle cells, atrial natriuretic peptide decreased 
both the resting level and the sustained elevation of 
[Ca 24 "]j induced by angiotensin II and arginine-vasopres- 
sin (Hassid, 1986; Takeuchi et al., 1989a), In porcine 
coronary artery, Makujina et al. (1995) reported that 
sodium nitroprusside elicited reductions in muscle ten- 
sion as well as in [Ca 2+ ] t measured with fura-2 in both 
high K 4 *- and prostaglandin F 2 «-contracted rings. In por- 
cine coronary artery (Satoh et aL, 1989), a nitro com- 
pound, E-4701, or nitroglycerin inhibited the [Ca 24 "]j 
elicited with acetylcholine. In canine tracheal smooth 
muscle contracted with acetylcholine or high K 4 ", 3-mor- 
pholinosydnonimine caused a concentration-dependent 
decrease in force which was correlated with a concentra- 
tion-dependent increase in cyclic GMP. Reductions in 
force were accompanied by the decreases in [Ca 24 "]; mea- 
sured with fura-2 (Jones et aL, 1994). In ferret aorta, 
sodium nitroprusside caused relaxation of either the 
high or phenylephrine-induced contraction solely by 
a decrease in [Ca 24 "^ measured with aequorin with no 
change in Ca 24 " sensitivity (Resnick et al., 1991). 
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Others also suggested that the decreases in both 
tCa 2+ ] i and Ca 2+ sensitivity are the important mecha- 
nisms. In ferret portal vein, Morgan and Morgan (1984a) 
reported that, when the muscles were relaxed either by 
decreasing the Ca z+ concentration in the bathing me- 
dium or by the addition of sodium nitroprusside, ae- 
quorin light and force fell together. However, sodium 
nitroprusside decreased force more strongly than ae- 
quorin light, indicating that sodium nitroprusside was 
relaxing the muscle by more than just decreasing 
[Ca 24 "]^ In rabbit aorta (Takuwa and Rasmussen, 1987), 
atrial natriuretic peptide inhibited the sustained phase 
of [Ca 2 *]; measured with aequorin without inhibiting 
the transient increase in [Ca 2 "^ elicited by histamine. 
In rat aorta r Sato et aL (1988a) and Karaki et al. (1988b) 
found that sodium nitroprusside inhibited the norepi- 
nephrine-induced increase in muscle tension, 45 Ca 2 ^ up- 
take and [Ca 2+ ] i measured with fura-2, although the 
inhibitory effects on 45 Ca 2 ^ influx and [Ca 2 "^ were less 
than that on muscle contraction. In Ca 2+ -free solution, 
sodium nitroprusside inhibited the norepinephrine-in- 
duced transient contraction more strongly than the in- 
crease in [Ca 2 *]i. Sodium nitroprusside also inhibited 
the high -induced contraction at concentrations 
higher than those needed to inhibit norepinephrine-in- 
duced contractions. Sodium nitroprusside inhibited the 
high K + -induced contraction with a smaller decrease in 
[Ca 2+ ]i and a smaller decrease in 45 Ca 2 ^ uptake. In 
porcine coronary artery, Balwierczak (1991) also re- 
ported that nearly complete relaxation of high iC-in- 
duced contractions by sodium nitroprusside was accom- 
panied by only a partial decrease in [Ca 24- ]^ These 
results suggest that sodium nitroprusside has multiple 
sites of action; to inhibit Ca 2+ influx and Ca 2+ release 
and also to decrease the Ca 2 *^ sensitivity of the contrac- 
tile elements. 

Also, there are some reports showing that the G ki- 
nase-mediated relaxation is not accompanied by a de- 
crease in [Ca 2 *!. In cultured rat vascular smooth mus- 
cle cells, atrial natriuretic peptide did not inhibit the 
endothelin-l-induced increase in [Ca 2+ ] i although it in- 
hibited the contraction induced by endothelin-1 (Suzuki 
et al., 1991). In canine coronary artery (Yanagisawa et 
al., 1989), nitroglycerin relaxed the high K 4 * -induced 
contraction with no reduction of the increased [Ca 2 ^. In 
swine carotid artery (Chen and Rernbold, 1992), nitro- 
glycerin attenuated the histamine-induced increases in 
Ca 2 ^ influx, [Ca 2 "% and force. Nitroglycerin also re- 
laxed the high K + -induced contraction, although Ca 2 " 
influx and [Ca 2+ ] f remained high. In rat aorta, 8-bromo- 
cyclic GMP inhibited the high K + -induced contraction 
without changing [Ca 2- ^ or 45 Ca 2 " influx (Salomone et 
al., 1995). 

These differences may be due partly to the concentra- 
tion-dependent effects of nitro-vasodilators. Sato et aL 
(1988a) showed that sodium nitroprusside at 10 nM de- 
creased [Ca 2 "^ whereas it decreased both [Ca 2+ ] i and 



Ca 2+ sensitivity at 100 nM to 1 u-M. McDaniet et al. 
(1992) also showed that, in swine carotid arteries sub- 
maximally stimulated with histamine, sodium nitro- 
prusside induced a proportional decrease in [Ca 2 "^ and 
MLC phosphorylation, suggesting that the relaxation 
was at least partially induced by a decrease in [Ca 2 ^ 
without a change in the Ca 2_H sensitivity of phosphory- 
lation. In tissues maximally stimulated with higher con- 
centrations of histamine, sodium nitroprusside and ni- 
troglycerin produced significant relaxations that were 
not associated with significant sustained reductions in 
[Ca 24 ^ or MLC phosphorylation. With both submaximal 
and maximal histamine stimulation, nitro-vasodilators 
produced more substantial relaxation than that ex- 
pected from the nitro-vasodilator-induced reduction in 
MLC phosphorylation. 

Mechanisms of relaxant effects mediated by cyclic 
GMP are similar to those of cyclic AMP; 1) inhibition of 
the receptor-mediated signal transduction (Krall et al, 
1988; Langlands and Diamond, 1990; Kajikuri and 
Kuriyama, 1990) resulting in the inhibition of all the 
effects of agonists including Ca 2+ release, Ca 2 " influx, 
and Ca 2 + sensitization; 2) increase in SR Ca 24 ^ uptake; 
3) decrease in the Ca 2 + sensitivity of MLC phosphory- 
lation possibly by activating MLC phosphatase; and 4) 
dissociation of contraction from MLC phosphorylation. 
Difference between the effects of cyclic AMP and cyclic 
GMP are that 1) cyclic GMP augments Ca 2 + extrusion 
by activating membrane Ca 24v pump and 2) cyclic GMP 
does not increase but decreases the noncontractile Ca 24 \ 
It should be emphasized that although the relaxant 
effect of nitro-vasodilators is mediated mainly by G ki- 
nase (e.g,, see Nakazawa and Imai (1994)), a part of the 
effect is not (Salomone et aL, 1995), This remaining part 
may be mediated by the direct effect of nitric oxide 
released from nitro-vasodilators on various functional 
proteins (see section IV.E,). 

4. C kinase, a. ISOFORMS OF C KINASE in SMOOTH MUS- 
CLE. There are several isoforms of C kinase (see Nishi- 
zuka, 1995; Singer, 1996) and smooth muscle cells have 
ct-, e-, and f-isoforms (Schworer and Singer, 1991; 
Inoguchi et al., 1992; Khalil et aL, 1992; Assender et al.] 
1994; AH et aL, 1994; Dixon et aL, 1994; Khalil and 
Morgan, 1993; Ohanian et aL, 1996). In freshly isolated 
vascular smooth muscle cells loaded with fura-2, Khalil 
et al. (1994) reported that increasing [Ca 2 *^ caused 
translocation of a-isoform of C kinase and suggested 
that the [Ca 2+ ]j threshold of translocation of a-isoform 
in situ is less than that reported in most in vitro assays 
and is consistent with an effect of agonist-induced gen- 
eration of other second-messengers that cause coopera- 
tive interactions leading to translocation. Contractions 
induced by phorbol esters may be mediated by «- and 
5-isoforms (Ohanian et aL, 1996), whereas phorbol ester- 
induced contractions induced in the absence of external 
Ca 2 ^ may be mediated by e- and f-isoforms (Khalil et aL, 
1992). 
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b. Inhibitors of C kinase. Shimamoto et aL (1993) 
examined the effects of the putative C kinase inhibitors, 
calphostin C, H-7, and staurosporine, on aortic muscle 
contractions induced by high K 4 *, phenylephrine, TPA, 
and phorbol 12,13-dibutyrate (PDBu). Calphostin C non- 
competitive^ inhibited contractions induced by TPA 
and PDBu. However, calphostin C had no effect on high 

-induced contractions but partially decreased the 
phenylephrine-induced contractions. H-7 had little ef- 
fect on TPA-induced contractions but significantly inhib- 
ited contractile responses to phenylephrine and high K*. 
Staurosporine inhibited contractile responses to high 
K 4 ", phenylephrine, and TPA- Thus, staurosporine and 
which are known to act on the catalytic domain of C 
kinase carrying a high degree of sequence homology 
with other protein kinases, seem to be relatively nonse- 
lective for C kinase. On the other hand, calphostin C 
acting on the regulatory domain of C kinase, which is 
distinct from other protein kinases, may serve as a rel- 
atively more selective C kinase inhibitor. 

Himpens et aL (1993) showed that staurosporine in- 
creased [Ca 2+ ] i by releasing Ca 2+ from perinuclear SR 
in DDT1MF-2 smooth muscle cells by a mechanism in- 
dependent of inhibition of C kinase. Kageyama et aL 
(1991) reported that, although staurosporine is a rela- 
tively specific inhibitor of C kinase in intact arteries at 
lower concentrations, it may have actions unrelated to 
its inhibitory effect on C kinase at high concentrations 
which include the inhibition of Ca 2+ influx through the 
voltage-dependent Ca 2+ channel. In rabbit aorta, Asano 
et al. (1995a) showed that staurosporine inhibited the 
high K^-induced increase in [Ca 2 ^, It has been shown 
that staurosporine also inhibits tyrosine kinases (Ya- 
mashita et aL, 1991; Augustine et aL, 1991). 

c. Contractile effects mediated by C kinase. Acti- 
vation of C kinase has a diversity of effects on smooth 
muscle [Ca 24 *]^ MLC phosphorylation, and contraction. 
In A7r5 smooth muscle cell suspensions (Nakajima et 
aL, 1993), 12-deoxyphorbol 13-isobutyrate (DPB) and 
PDBu caused elevation of [Ca 2+ ] i in localized peripheral 
regions, followed by expansion of this elevated [Ca 2+ ] t 
throughout the cytoplasm and contraction. In the ab- 
sence of external Ca 2+ , DPB induced contraction with- 
out changing [Ca 24 ^. The increase in [Ca 2 ^] i was elim- 
inated by staurosporine. In intact rabbit inferior vena 
cava (Nishimura et aL, 1990), TPA caused a gradual 
increase in tension without changes in [Ca 2 *]j. In intact 
porcine coronary arteries (Mori et al., 1990b), PDBu 
produced a slowly developing and sustained contraction 
with only a small and transient increase in [Ca 24 " ] s , Sato 
et aL (1992) examined tissue differences in the re- 
sponses to phorbol esters. DPB induced a sustained con- 
traction in isolated rat aorta, carotid artery and tail 
artery and rabbit aorta and mesenteric artery. However, 
DPB increased [Ca 24 *^ only in rat aorta and carotid 
artery. Similar results were obtained with PDBu, al- 
though the inactive phorbol ester, 4-a-phorbol 12,13- 



dibutyrate, was ineffective. DPB induced neither an in- 
crease in [Ca 2 * ]j nor a contraction in rabbit ear artery 
(Sato et aL, 1992) and in rat anococcygeus muscle 
(Kaneda et aL, 1995; Shimizu et aL, 1995), In rat aorta, 
DPB-induced contraction was followed by an increase in 
MLC phosphorylation. Both contraction and MLC phos- 
phorylation stimulated by DPB were greater than those 
due to high K" for a given increase in [Ca 24 ^. Verapamil 
decreased the DPB-induced increments in [Ca^]; and 
MLC phosphorylation to their respective resting levels, 
although contraction was inhibited only slightly. In the 
absence of external Ca 24 ", DPB induced a sustained con- 
traction without increasing [Ca 24 "^ or MLC phosphory- 
lation. This contraction was followed by an increase in 
stiffness and force recovery after a shortening step. 
From these results, Sato et aL (1992) suggested that the 
contraction induced by DPB in rat aorta is due to an 
increase in [Ca 24 *^ followed by MLC phosphorylation 
and Ca 24 " sensitization of MLC phosphorylation. In the 
presence of verapamil or in the absence of external Ca 24 ", 
DPB may increase cross-bridge cycling by activating an 
unknown mechanism that is not dependent on an in- 
crease in MLC phosphorylation. 

Jiang and Morgan (1987) measured [Ca 24 "^ with ae- 
quorin and found that, in ferret aorta, 12-deoxyphorbol 
13-isobutyrate 20-acetate (DPBA) induced contractions 
without significantly increasing [Ca 2 ^ Removal of ex- 
ternal Ca 24 " had no effect on DPBA-induced contraction. 
In rat aorta (Jiang and Morgan, 1987), both TPA and 
DPBA induced contractions without increasing [Ca 2+ ] i4 
However, Ca 24 *-free solution or the Ca 2 * channel 
blocker methoxyverapamil inhibited the contraction in- 
duced by either phorbol ester accompanied by a decrease 
in [Ca 2 *% In ferret aortic smooth muscle (Ruzycky and 
Morgan, 1989; Jiang and Morgan, 1989), DPBA pro- 
duced contractions accompanied by no detectable in- 
creases in aequorin luminescence or MLC phosphoryla- 
tion. DPBA significantly shifted the control [Ca 2 *] r force 
relationship to lower [Ca 24 "], with an increase in the 
magnitude of maximal generated force. In aorta maxi- 
mally precontracted by K* depolarization, DPBA in- 
creased force in the absence of further increases in 
[Ca 2+ ] A . The relatively specific C kinase antagonist H-7 
(Hidaka et al., 1984; Hidaka and Kobayashi, 1992) 
caused a significant decrease in intrinsic myogenic tone 
in the absence of a decrease in [Ca 24 *]}. 

In swine carotid artery, Rembold and Murphy (1988a) 
showed that the relationships among [Ca 24 ^, MLC 
phosphorylation, and steady-state stress induced by low- 
dose PDBu were similar to those observed with contrac- 
tile agonists. However, prolonged exposure to high-con- 
centrations of PDBu elicited high stress with elevated 
phosphorylation that was not associated with elevations 
in aequorin-estimated [Ca 2 ^] £ . They suggest that PDBu 
can increase [Ca 24 ^, and that the resulting increase in 
MLC phosphorylation quantitatively explains the con- 
traction. On the contribution of C kinase to agonist- 
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induced contraction, Rembold and Weaver (1990) 
showed that, in swine carotid smooth muscle, histamine 
and endothelin-1 induced the sustained and significant 
increases in [Ca 2 ^, MLC phosphorylation, and contrac- 
tion. Neither stimuli, however, induced significant in- 
creases in diacylglycerol mass. Relaxation of histamine- 
stimulated tissues was induced by removal of histamine 
or removal of extracellular Ca 2 * in the continued pres- 
ence of histamine. The rate of decline of both [Ca 2+ ]j and 
force was similar in both protocols, suggesting that re- 
moval of Ca 2+ (without removing the stimulus) was 
equivalent to removal of the stimulus. These data sug- 
gest that [Ca 2 "]i is the primary regulator of sustained 
swine arterial smooth muscle Contraction, whereas diac- 
ylglycerol has, at most, only a minor role. 

These results suggest that activation of C kinase 
opens the L-type Ca 2 " 4 " channel and induces contraction 
in some types of smooth muscle. An increase in [Ca 2+ ] i is 
necessary for contraction in some types of smooth mus- 
cle whereas a [Ca 2+ ] r independent contractile mecha- 
nism may be activated in other types of smooth muscle. 

d. Inhibitory effects mediated by C kinase. In some 
types of smooth muscle, activation of C kinase inhibits 
the agonist-induced increases in [Ca 2 "% In primary cul- 
tures of airway smooth muscle cells, stimulation with 
histamine resulted in a transient rise in fCa 2 ^ and 
TPA blocked the release of Ca 2 " by histamine (Kotlikoff 
et ah, 1987). In cultured vas deferens smooth muscle 
DDT1MP-2 cells (Mitsuhashi and Payan, 1988), TPA 
induced down-regulation of the H x receptor and inhib- 
ited the histamine-induced increases in [Ca 2 *];. Also, in 
DDT1MF-2 cells (Dickenson and Hill, 1993), histamine 
and ATP stimulated both the release of Ca 2 + from the 
SR and Ca 2+ influx across the plasma membrane. PDBu 
attenuated the effects of histamine and ATP. The selec- 
tive C kinase inhibitor, Ro 31-8220, reversed the inhib- 
itory effect of PDBu. However, homologous and heterol- 
ogous desensitization of histamine and ATP was not 
inhibited by Ro 31-8220, suggesting that although C 
kinase activation can attenuate the Ca 2+ responses me- 
diated by the histamine Hi-receptor and the ATP recep- 
tor, C kinase-independent mechanisms appear to be in- 
volved in the homologous and heterologous 
desensitization of the histamine H x receptor and the 
ATP receptor. 

In intact human airway smooth muscle cells (Marmy 
and Durand, 1995), activation of C kinase with TPA 
decreased and inhibition of C kinase with staurosporine 
increased the production of IP 3 in unstimulated and in 
histamine-stimuiated cells, Yang et al. (1994D) reported 
that treatment of cultured canine tracheal smooth mus- 
cle cells with TPA for 30 min blocked the carbachol- 
stimulated formation of IP 3 and the mobilization of 
Ca 2 *. The inhibitory effect of TPA was reversed by stau- 
rosporine. After down-regulation of C kinase by treat- 
ment of the cells with TPA for 24 h, the cells still re- 
sponded to carbachol-induced IP 3 accumulation and 



Ca * mobilization. The [Ca 2+ ]j response elicited by alu- 
minum fluoride was inhibited by TPA treatment. These 
results indicate that GTP-binding protein(s) can be di- 
rectly activated by aluminum fluoride and that C kinase 
exerts a negative feedback control on phospholipase C. 

In the intestinal smooth muscle of guinea pig taenia 
coli, activation of C kinase has both stimulatory and 
inhibitory effects (Mitsui and Karaki, 1993). DPB did 
not change [Ca 2+ ] i and tension in resting muscle. In 
high K*-stimulated muscle, DPB transiently aug- 
mented the contraction and decreased [Ca 2 *% This ef- 
fect was not observed when C kinase was down-regu- 
lated. In the presence of carbachol, DPB decreased 
[Ca + ]j and transiently increased muscle tension. In 
muscle strips permeabilized with bacterial a-toxin, DPB 
shifted the Ca 2 "-tension relationship to the lower Ca 2 * 
levels. H-7 inhibited the effect of DPB. These results 
suggest that activation of C kinase has dual effects; 
augmentation of contractions by increasing the Ca 2 * 
sensitivity of the contractile elements, and inhibition of 
contractions by decreasing [Ca 2+ ] t . 

In rat uterus (Kim et al., 1996B), DPB inhibited the 
contraction induced by high K + , ionomycin, oxytocin and 
thapsigargin. DPB also inhibited the increase in [Ca 2+ ]j 
elicited by these stimulants. However, DPB did not 
change Ca 2 * sensitivity in intact and in permeabilized 
uterus. These results suggest that DPB decreased 
[Ca +1 by activating Ca 2 " extrusion. The inhibitory ef- 
fect of DPB was stronger in the pregnant uterus than in 
non-pregnant uterus. 

5. Tyrosine kinase. Tyrosine kinases are functionally 
classified into three groups; tyrosine kinases associated 
with cell surface receptors (group 1), the focal adhesion 
kinase (group 2) and nucleus tyrosine kinases (group 3) 
(see Wang and McMhirter, 1994). Smooth muscle con- 
traction may be modified by the receptor tyrosine ki- 
nases (group 1A) or receptor-coupled tyrosine kinases 
(group IB). Tyrosine kinase inhibitors have been re- 
viewed by Levitzki and Gazit (1995). 

In guinea pig gastric longitudinal muscle, Yang et al. 
(1992, 1993) found that the tyrosine kinase inhibitors, 
genistein and tyrphostin, inhibited the contractions elic- 
ited by epidermal growth factor-urogastrone, transform- 
ing growth factor-a and angiotensin II without changing 
the carbachol-mediated and bradykinin-mediated con- 
tractions. Di Salvo et al (1993b) found that geldanomy- 
cin, tyrphostin and genistein markedly and reversibly 
inhibited contractions elicited by carbachol or norepi- 
nephrine in three different types of smooth muscles. In 
contrast, only slight inhibition occurred in contractions 
elicited by high K*. Moreover, tyrphostin did not inhibit 
Ca * -induced contraction in preparations permeabilized 
with /3-escin. In guinea pig taenia coli, Di Salvo et al. 
(1993a) also showed that an inhibitor of protein tyrosine 
phosphatase, vanadate (Wong and Goldberg, 1983), elic- 
ited contractions and enhanced protein tyrosine phos- 
phorylation, both of which effects were inhibited by 
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genistein. Vanadate also induced contraction and an 
increase in MLC phosphorylation without increasing 
[Ca^li in rat uterus (FukuzaM et aL, 1992). Vanadate 
induced contractions in various types of smooth muscle 
(Ueda et aL, 1984, 1985; Shimada et al,, 1986). In rat 
uterus, however, contractions elicited by orthovanadate 
were not inhibited by genistein (Gokita et aL, 1994). In 
rat aorta (Sauro and Thomas, 1993), platelet-derived 
growth factor (PDGF), an activator of tyrosine kinase, 
elicited contractions which were inhibited by tyrphostin. 
However, tyrphostin had no significant antagonistic ef- 
fect on contractions induced by high K", phenylephrine 
or PDBu. In rabbit ear arteries (Hughes, 1995), a selec- 
tive inhibitor of tyrosine kinases, bistyrphostin, inhib- 
ited PBGF-induced contraction but had no effect on nor- 
epinephrine- or high K 4 " -induced tone. In rat carotid 
artery and aorta (Watts et al., 1996), serotonin-induced 
contraction and tyrosine phosphorylation were inhibited 
by genistein. In rat aorta, phenylephrine-induced con- 
traction (Filipeanu et aL, 1995) and norepinephrine- 
induced contraction (Abebe and Agrawal, 1995) were 
inhibited by genistein. In rat aorta (Sauro et aL, 1996), 
angiotensin II elicited contraction and tyrosine phos- 
phorylation both of which were inhibited by tyrphostin. 



The effects of tyrosine kinase inhibitors on contractions 
in smooth muscle are summarized in table 1. It is shown 
that tyrosine kinase inhibitors inhibit contractions in- 
duced by receptor agonists although inconsistent results 
are reported on norepinephrine and carbachol and no 
effect was reported on bradykinin. In contrast, contrac- 
tions induced by high K + , caffeine, and PDBu are insen- 
sitive to these inhibitors. Although tyrosine kinase in- 
hibitors may have nonselective inhibitory effects (e.g., 
see Smirnov and Aaronson (1995)), these results may 
suggest that tyrosine kinases participate in regulation of 
the signal transduction that is associated with the re- 
ceptor-mediated contractions of smooth muscle, 

Steusloff et al, (1995) examined the effects of genistein 
on potential coupling between tyrosine phosphorylation 
and Ca 2 "** sensitivity in permeabilized ileal smooth mus- 
cle. Results show that genistein reversibly inhibited 
both contractions induced in permeabilized muscle with 
Ca 2+ in the presence of GTP and the receptor-coupled 
activation of Ca 2 "*" sensitization with carbachol and 
GTP, Activation of permeabilized preparations in the 
presence of GTP promoted tyrosine phosphorylation of 
several substrates, an action of which was also inhibited 
by genistein. However, relatively high levels of MLC 



TABLE 1 

Effects of tyrosine kinase inhibitors on [Ca 1 ^^ and contraction in smooth muscle 



Stimulants 



Tyrosine kinase inhibitor 



Genistein 



Tyrphostin 



Others 



PDGF 

TGFct 
EGF 

Angiotensin II 

Endothelin-1 

Serotonin 

Phenylephrine 

Norepinephrine 



Carbachol 

Vasopressin 
Bradykinin 
Vanadate 

KC1 



Caffeine 
PDBu 



+ 
+ 

+ 
4- 



( + ) 



(-) 



+ 
+ 



_.<-) 

+ 
t-j 



MD<+) 



GL + 
GL-r 



GL-r 
LV{=) 



-(-) 



MD(-j 
GL- 



Smooth muscle 



Rat aorta 
Rabbit ear artery 
Guinea pig gastric muscle 
Guinea pig gastric muscle 
Guinea pig gastric muscle 
Rat aorta 

Porcine coronary artery 
Rat carotid artery 
Rat aorta 

Canine carotid artery 
Rat mesenteric artery- 
Rat aorta 
Rat carotid artery 
Guinea pig gastric muscle 
Guinea pig taenia coli 
A7r5 cells 

Guinea pig gastric muscle 

Guinea pig taenia coli 

Rat uterus 

Rat aorta 

Rat aorta 

Rat carotid artery 

Rabbit ear artery 

Porcine coronary artery 

Guinea pig taenia coli 

Porcine coronary artery 

Rat aorta 

Rat carotid artery 



+ and (4-): Inhibition of contraction and [Ca 2+ ]j, respectively. 

-t and {±): Weak inhibition of contraction and [Ca 2 *]^ respectively. 

- and (-}• No effect on contraction and [Ca 2+ ] it respectively. 

MD: methyl-2,5-dihydroxycinncamate; GL, Geldanomycin; LV, Lavendustin. 



Reference 



Sauro and Thomas, 1993 
Hughes, 1995 
Yang et al., 1993 
Yang et aL, 1992 
Yang et aL, 1992 
Sauro and Thomas, 1993 
Liu and Sturek, 1996 
Watts etaL, 1996 
Filipeanu et al, 1995 
Di Salvo et al., 1993b 
Di Salvo et al., 1993b 
Abebe and Agrawal, 1995 
Watts et aL, 1996 
Yang et al., 1992; 1993 
Di Salvo et aL, 1993b 
Kaplan and Di Salvo, 1996 
Yang et al., 1992 
Di Salvo et aL, 1993a 
Gokita et al., 1994 
Flipeanu et aL, 1995 
Abebe and Agrawal, 1995 
Watts et aL, 1996 
Hughes, 1995 
Liu and Sturek, 1996 
Di Salvo et aL, 1993b 
Liu and Sturek, 1996 
Abebe and Agrawal, 1995 
Watts et aL, 1996 
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phosphorylation persisted during genistein-induced in- 
hibition of Ca 2+ sensitivity. In contrast, genistein had no 
effect on Ca 2 +-activated contraction in Triton X-100- 
permeabilized preparations, suggesting that genistein 
does not directly inhibit actin-myosin interaction and 
that its target(s) may be a cytosolic or membrane-bound 
regulatory protein(s) that is leaked out from the prepa- 
rations during Triton X-100 treatment. In rat aorta 
(Abebe and Agrawal, 1995), genistein attenuated the 
contraction evoked by the direct activator of GTP-bind- 
ing protein, sodium fluoride, suggesting the involvement 
of tyrosine kinases in responses associated with GTP- 
binding protein activation (Hollenberg, 1994a, b). Inhi- 
bition of tyrosine kinase by genistein, tyrphostin, or 
methyl 2,5-dihydroxycinnamate inhibited the initial 
transient [Ca 2+ ] i response to endothelin-1, norepineph- 
rine, phenylephrine, or serotonin without changing IP 3 - 
induced Ca 2+ release (Semenchuk and Di Salvo, 1995; 
Abebe and Agrawal, 1995; Liu and Sturek, 1996). Fur- 
thermore, Ca 24 " influx elicited by arginine-vasopressin 
in A7r5 cells was inhibited by genistein (Kaplan and Di 
Salvo, 1996X table 1); These results suggest that tyrosine 
phosphorylation of one or more substrates, including ras 
GAP, may be coupled to mechanisms which regulate 
Ca 2 ^ influx, Ca 2 " release and Ca 2 ^ sensitivity (Di Salvo 
et al., 1994, 1996; Semenchuk and Di Salvo, 1995). 

Gould et al. (1995) reported that, in swine carotid 
media, genistein attenuated the histamine-induced in- 
creases in [Ca^X MLC phosphorylation, and stress, 
and that the genistein-dependent decrease in [Ca 2+ ] i 
quantitatively accounted for the decrease in MLC phos- 
phorylation and stress. There was no measurable 
change in Ca 2_! ~ sensitivity. From these data, they sug- 
gested that tyrosine kinase(s) may influence force devel- 
opment in the intact swine carotid media by altering 
[Ca 2 ^] f rather than by modulating the Ca 2H sensitivity 
of MLC phosphorylation. Furthermore , Touyz and Schif- 
frin (1996) found that, in rat mesenteric artery cells, the 
increase in [Ca 2 "^ due to angiotensin II was inhibited 
by stimulation of tyrosine kinase pathway by insulin, 
insulin-like growth factor-1 and PDGF-BB. In the pres- 
ence of tyrphostin and genistein, the angiotensin II- 
induced increase in [Ca 2 "^ remained persistently ele- 
vated and failed to return to basal leveL There may be 
tissue differences in the nature of the contribution of 
tyrosine kinase to smooth muscle contraction. 

In the gastrointestinal tract of the mouse, pacemaker 
cells are expressing the Kit gene, which is a proto-onco- 
gene encoding a receptor tyrosine kinase of the PDGF/ 
colony-stimulating factor-1 receptor family. Injection of 
a neutralizing antibody for the proto-oncogene product, 
the Kit protein, into mice during the first few days after 
birth greatly reduced the number of Kit-expressing cells 
in intestinal segments, and this was accompanied by 
impairment of d evelopment of normal rhythmic mechan- 
ical activity in the mouse intestine (Maeda et al., 1992). 
This result suggests that tyrosine kinase is playing an 



important role on generation of electrical rhythmicity in 
the gastrointestinal tract (Nishi et ah, 1996; Sanders 
1996). 

Kaplan and Di Salvo (1996) reported that, in A7r5 
cells, the increase in [Ca 2 ^ elicited by arginine-vaso- 
pressin was inhibited strongly by genistein, weakly by 
lavendustin, and not affected by tyrphostin, Further- 
more, the increase in [Ca 2 " 1 ^ and the tyrosine phosphor- 
ylation elicited by arginine-vasopressin and vanadate 
were inhibited by genistein although lavendustin and 
tyrphostin enhanced phosphorylation. These results 
may suggest the presence of tyrosine kinase subtypes 
and selective inhibition of these subtypes by these in- 
hibitors. 

6. Phosphatases. Okadaic acid, isolated from marine 
sponges of the genus Halichondoria (Tachibana et al, 
1981), is the first exogenous inhibitor of the serine/threo- 
nine protein phosphatase. Okadaic acid has a relatively 
high specificity for type 2A phosphatase rather than for 
type 1 phosphatase, with weak inhibitory effect on type 
2fi and no effect on type 2C in skeletal muscle protein 
phosphatases (Bialojan and Takai, 1988). In contrast, 
calyculin A, isolated from marine sponge genus Disco- 
dermia (Kato et al., 1986), nonselectively inhibits type 1 
and type 2A phosphatase (Ishihara et al., 1989a). Micro- 
cystin-LR, isolated from the cyanobacterial genera Mi- 
crocystis, has a similar inhibitory action on phosphata- 
ses with okadaic acid (Eriksson et al., 1990a, b; 
MacKintosh et al., 1990). Tautomycin, isolated from the 
bacterium Strep tomyces verticillatus, in contrast, is a 
nonselective inhibitor of type 1 and type 2A protein 
phosphatases in a manner similar to calyculin A (MacK- 
intosh and Klumpp, 1990; Hori et al., 1991), 

In vascular and intestinal smooth muscles, Shibata et 
al. (1982) demonstrated that okadaic acid caused a sus- 
tained contraction. In rat aorta, contractions induced by 
okadaic acid and calyculin A were accompanied by an 
increase in [Ca 2 "^ (Ozaki and Karaki, 1989; Ishihara et 
aL, 1989b). The increase in tCa 2+ ^, but not contraction, 
was abolished by verapamil. This result is consistent 
with the finding that calyculin A increased the voltage- 
dependent inward current in smooth muscle cells iso- 
lated from guinea pig taenia coli (Usuki et ah, 1989, 
1991; Yabu et al. t 1990a, b). The action of calyculin A to 
facilitate Ca 2+ current was inhibited by an inhibitor of C 
kinase, H-7, suggesting that calyculin A activates the 
Ca 2,f channel through C kinase-dependent phosphory- 
lation. 

In airway smooth muscle cells, both okadaic acid and 
isoproterenol enhanced the open state probability of the 
Ca 2 "~activated K" channel (Kume et al, 1989). Similar 
results were obtained in canine proximal colon (Carl et 
al., 1991), guinea pig taenia coli (Obara and Yabu, 1993) 
and rabbit gastric antrum (Lee et al, 1994) using oka- 
daic acid and calyculin A. In vascular smooth muscle 
cells, okadaic acid, nitric oxide and cyclic GMP increased 
whole-cell K* current by activation of the Ca 2 "-acti- 



CALCIUM IN SMOOTH MUSCLE 



189 



vated K + channel (Archer et aL, 1994; Lincoln et al. f 
1994). These results suggest that protein phosphoryla- 
tion induced by A kinase and G kinase is mediating 
these effects. In canine gastric muscle (Ward et aL, 
1991), okadaic acid and calyculin A inhibited the ampli- 
tude and duration of gastric slow waves. Both of these 
phosphatase inhibitors reduced the amplitude of the 
peak and the sustained components of the inward Ca 2 ^ 
current, suggesting that phosphorylation of Ca 2 " chan- 
nels of gastrointestinal smooth muscles may inhibit 
Ca 2 + currents. Tautomycin also inhibited Ca 2 ^ channel 
activity due to a reduction of channel availability in 
smooth muscle cells isolated from human umbilical vein 
(Groschner et aL, 1995). 

Okadaic acid induced sustained contraction even in 
the absence of external Ca 2+ (Shibata et aL, 1982). The 
increases in [Ca 2 ^\ are not necessary for contraction 
induced by calyculin A in rat aorta (Ozaki and Karaki, 
1989; Ishihara et aL, 1989b; Obara et aL, 1989). Okadaic 
acid also elicited a contraction in permeabilized smooth 
muscle strips (Ozaki et aL, 1987b) and phosphorylated 
MLC (Ozaki et aL, 1987a) in the absence of Ca 2+ , In 
canine gastric antrum, calyculin A induced a sustained 
contraction with an increase in MLC phosphorylation, 
although there was no increase in [Ca 2 "^ (Ozaki et aL, 
1991a). In permeabilized smooth muscle strips of the 
rabbit mesenteric artery (Suzuki and Itoh, 1993), caly- 
culin A produced a contraction and MLC phosphoryla- 
tion in Ca^-free solution. This Ca 24 "-independent con- 
traction may be caused by inhibition of phosphatase 
activity. This will uncover a basal level of MLC kinase 
activity which is usually suppressed by MLC phos- 
phatase activity {Takai et aL, 1987; Ozaki and Karaki, 
1989), 

Okadaic acid inhibited contractions induced by high 
with only a small decrease in [Ca^^ in rabbit aorta 
(Karaki et aL, 1979). Also, in swine coronary artery and 
dog basilar artery (Ashizawa et aL, 1989), okadaic acid 
inhibited the high K + -induced contraction without de- 
creasing [Ca 2+ ]i. In contrast, okadaic acid inhibited 
thrombin-induced platelet aggregation accompanied by 
a decrease in [Ca 2 "^ (Karaki et aL, 1989). In guinea pig 
vas deferens, okadaic acid inhibited the increments in 
[Ca 2+ ]i and contraction induced by norepinephrine 
whereas it inhibited high K + -induced contraction with- 
out decreasing [Ca 2- ^ (Shibata et aL, 1991). In bovine 
tracheal smooth muscle, okadaic acid inhibited the car- 
bachol-induced increase in [Ca 2+ ]i and contraction (Tan- 
sey et aL, 1990), In rat aorta, Abe and Karaki (1993) 
found that okadaic acid strongly augmented the relax- 
ant effects of dibutyryl cyclic AMP and forskolin. These 
results suggest that okadaic acid may act by inhibiting 
protein phosphatases, resulting in an indirect activation 
of A kinase-dependent protein phosphorylation (Karaki 
et aL, 1989). 

Calyculin A caused a change in the morphology in 3T3 
fibroblast cell (Chartier et aL, 1991). The change of cell 



shape was independent of the external Ca 2 " 4 " and accom- 
panied with phosphorylation of vimentin with disap- 
pearance of stress fibers, intermediate filaments and 
microtubules. Calyculin A caused a similar shape 
change in cultured A10 smooth muscle cells (Hosoya et 
aL, 1993). Vinculin, one of the components of focal con- 
tacts, which was localized at the periphery of control 
cell, was translocated toward the inside of the cell along 
stress fibers by calyculin A, These results suggest that 
the changes in cytoskeletal structure will be controlled 
by concerted actions of a kinase-phosphatase couple. 

B. Agents That Change Sarcoplasmic Reticulum 
Function 

1. Caffeine. Caffeine is widely used as a pharmacolog- 
ical tool for studying excitation-contraction coupling in 
muscle physiology and pharmacology. The primary site 
of action has been assumed to be located on the SR. In 
the vascular smooth muscle of rabbit aorta (Karaki, 
1987), caffeine induced a transient contraction which is 
attributable to the release of Ca 2+ from internal stores. 
The caffeine-induced contraction was inhibited by exter- 
nal Mg 2 ^ and by procaine and it was potentiated by low 
temperature. These results are compatible with the gen- 
eral characteristics of CICK, suggesting that the CICK 
plays an important role in the contraction induced by 
caffeine (see Karaki and Weiss, 1988). 

Caffeine also increases Ca 2+ influx in some smooth 
muscles. In rat aorta (Sato et aL, 1988b), caffeine in- 
duced a transient increase followed by a sustained in- 
crease in [Ca 2 ^. In Ca^-free solution, caffeine induced 
only a transient increase in [Ca 2+ ] ir suggesting that the 
sustained increase in [Ca 24 *]* is due to Ca 2+ influx. In 
toad gastric smooth muscle cells (Guerrero et aL, 1994a, 
b), caffeine caused both an increase in tCa 2 * \ and acti- 
vation of the nonselective cation channel. The channel 
activated by caffeine appeared to be permeable to Ca 24 \ 
Caffeine activated the nonselective cation channel even 
when [Ca 2+ ]i was clamped to less than 10 nM when the 
patch pipette contained 10 mM l,2-bis(2-aminophe- 
noxy)ethane-JV^V r 2V r '^V'-tetraacetic aid (BAPTA), sug- 
gesting that caffeine directly activates the channel and 
that it is not being activated by the increase in [Ca 2+ ] l 
that occurs when caffeine is applied to the cell. 

In rat aorta, caffeine-induced a large and transient 
increase in [Ca 2+ ] { followed by a smaller contraction 
(Sato et aL, 1988b; Watanabe et aL, 1992) and a smaller 
MLC phosphorylation (Harada et aL, 1996) than ex- 
pected from the increased [Ca 24 "]^ During the sustained 
increase in [Ca 24 *] ir muscle tension decreased to a level 
below a resting tone (Sato et aL, 1988b). It has been 
shown that, besides the contractile effect, caffeine has 
an inhibitory effect in various smooth muscles (Ito and 
Kuriyama, 1971; Sunano and Miyazaki, 1973; Nasu et 
aL, 1975; Poch and Umfahrer, 1976; Casteels et aL, 
1977; Leijten and Van Breemen, 1984; Ahn et aL, 1988). 
During the sustained increase in [Ca 24 "^ induced by 
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norepinephrine or high K + , addition of caffeine partially 
decreased [Ca 2 ^ and completely inhibited contractions 
in rat aorta (Sato et a!., 1988b) and in swine coronary 
artery (Van Der Bent and Beny, 1991). These results 
suggest that caffeine directly inhibits the contractile 
elements. 

Caffeine inhibits cyclic AMP phosphodiesterase and 
increases cyclic AMP in smooth muscle (Butcher and 
Sutherland, 1962; Inatomi et aL, 1975; Poch and Urn- 
fahrer, 1976; Poison et aL, 1978; Fredholm et aL, 1979). 
Therefore, caffeine-induced inhibition of muscle contrac- 
tion has been assumed to be at least partly mediated by 
cyclic AMP-dependent mechanisms. In chicken gizzard 
smooth muscle (Ozaki et aL, 1990a), caffeine inhibited 
the high K*-induced contraction. Although caffeine and 
forskolin increased tissue cyclic AMP levels, caffeine 
inhibited the high K + -induced contraction more strongly 
than did forskolin at a given cyclic AMP level In Triton 
X-100-permeabilized muscle, caffeine inhibited both 
contractions induced by Ca 2 + and phosphorylation of 
MLC. Caffeine also inhibited the Ca 2+ -independent con- 
traction elicited by ATP in thiophosphorylated permeab- 
ilized muscle. These results indicate that caffeine inhib- 
its smooth muscle contraction by direct inhibition of 
MLC kinase and the actin-myosin interaction. 

In swine carotid artery, Rembold et aL (1995) reported 
that although caffeine increased [Ca 2+ l f , it elicited nei- 
ther sustained increase in MLC phosphorylation nor 
contraction. Caffeine also increased cyclic AMP content 
although phosphorylation of MLC kinase did not seem to 
be responsible for the dissociation of contraction from 
increase in [Ca 2 ~% Comparing the Ga 2 * signals ob- 
tained with aequorin and fura-2, they suggested that 
caffeine may localize increases in fCa 2 ^ to a region 
distinct from the contractile apparatus. 

In permeabilized A7r5 cells (Missiaen et al. f 1994b), 
the IP 3 -induced Ca 2+ release was inhibited by caffeine 
and theophylline- The inhibition occurred similarly in 
the absence or presence of extra vesicular Ca 2+ and was 
not associated with a decrease in IP 3 binding to the 
receptor. ATP prevented the inhibition, suggesting that 
caffeine may interact with an ATP binding site on the 
IP 3 receptor. Ozaki et al. (1988) demonstrated that the 
inhibition of MLC phosphorylation by caffeine was an- 
tagonized by raising the ATP concentration. Since caf- 
feine and other xanthine derivatives contain an adenine 
ring in their structure, as does ATP, xanthines may 
compete with ATP at their binding sites. 

In cultured myometrial cells (Martin et aL, 1989) caf- 
feine inhibited the Ca 2+ current with an IC 50 of 35 dim. 
The caffeine-induced inhibition was accompanied by in- 
hibition of the binding of a Ca 2+ channel blocker, isra- 
dipine, to myometrial membranes with a similar IC 50 
value. Hughes et al. (1990) also reported that, in single 
rabbit ear artery cells, caffeine caused a rapid and re- 
versible blockade of Ba 2 ^ current. The related com- 
pound, 3-isobutyl-l-methylxanthine, was a more potent 



inhibitor of the Ba 2 ^ current. The non-xanthine inhibi- 
tors of phosphodiesterase, rolipram, and M & B 22948, 
did not diminish the inward Ba 2+ current. These data 
suggest that caffeine directly interacts with voltage-de- 
pendent Ca 2+ channels to inhibit Ca 2+ influx. 

2. Ryanodine. Ryanodine is a neutral alkaloid ex- 
tracted from Ryania speciosa and has been demon- 
strated to alter specifically Ca 2 ^ movements across SR 
membranes in cardiac and skeletal muscles (Sutko et al,, 
1979, 1997; Sutko and WiUerson, 1980). Ito et al. (1986) 
first demonstrated that ryanodine suppressed the pha- 
sic contractions in smooth muscle elicited by caffeine 
and norepinephrine in Ca 2 *-free medium. This finding 
was confirmed in different smooth muscles using differ- 
ent stimulants; norepinephrine in rabbit aorta (Hwang 
and Van Br eemen, 1987), caffeine and carbachol in ca- 
nine tracheal muscle (Gerthoffer et al,, 1988), caffeine 
and norepinephrine in rat aorta (Sato et aL, 1988b; 
Hisayama et aL, 1990), caffeine in guinea pig taenia coli 
(Hisayama and Takayanagi, 1988), norepinephrine in 
rabbit ear artery (Kanmura et aL, 1988), caffeine in rat 
and guinea pig aorta (Ito et aL, 1989), endothelin-1 in 
coronary arterial cells (Wagner-Mann and Sturek, 
1991), acetylcholine and caffeine in porcine coronary 
artery (Katsuyama et aL, 1991) and acetylcholine in 
canine colonic smooth muscle (Sato et aL, 1994a). Ito et 
aL (1986) also reported that ryanodine prevented the 
stimulation of 4S Ca 2+ efflux by norepinephrine and caf- 
feine although it did not alter the high -induced con- 
traction and accompanying increase in 45 Ca 2+ influx. 
These data are consistent with the hypothesis that ry- 
anodine inhibits SR Ca 2+ release in vascular smooth 
muscle. Aoki and Ito (1988) further demonstrated that 
opening of the Ca 2+ release channel enhanced the inter- 
action of ryanodine with the channel and confirmed the 
previous finding (Sutko et aL, 1985) that ryanodine ir- 
reversibly opens the Ca 2 ^ channels in the SR. 

Distribution of ryanodine-binding sites in subcellular 
fractions isolated from rat vas deferens paralleled that 
of NAD(P)H cytochrome c reductase activity, indicating 
an SR origin for the ryanodine binding sites (Bourreau 
et aL, 1991). Zhang et al. (1993) reported that ryanodine 
binding was Ca 2+ -dependent, with half-maximal bind- 
ing occurring within the physiologically relevant 
[Ca 2 ^. Agents known to inhibit (ruthenium red, Mg 2 *) 
or enhance (caffeine) the CICR similarly inhibited or 
enhanced the binding of ryanodine. 

The Ca 2+ release channel of aortic SR was isolated 
from canine and porcine aortas using ryanodine-binding 
as a marker. Reconstituted into planar lipid bilayers, it 
formed a Ca 2+ - and monovalent ion-conducting channel 
(Herrmann-Frank et al., 1991). This channel was acti- 
vated by Ca 2+ , modulated by ATP, Mg 2 *, and caffeine, 
and inhibited by ruthenium red. Micromolar to miilimo- 
lar concentrations of ryanodine induced a permanently 
closed state of the channels. 
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3. Inhibitors of sarcoplasmic reticulum calcium pump. 
Three compounds have been identified to be selective 
inhibitors of the SR Ca 2+ pump; thapsigargin isolated 
from the umberilliferous plant, a mycotoxin, cyclopia- 
zonic acid, and 2,5-m-(ter^butyl)-l,4-benzohydroqui- 
none. These inhibitors have been used to clarify the roles 
of SR Ca 24 " pumps in the regulation of [Ca 2 " T *] i in smooth 
muscle (see Goeger and Riley, 1989; Thastrup, 1990; 
Seidler et ah, 1989; Ozaki et aL, 1992c; Uyama et al. f 
1992; Luo et aL, 1993; Darby et al., 1993; Kwan et aL, 
1994), 

Although these compounds act on the SR Ca 2 * pump, 
several lines of evidence demonstrated their nonselec- 
tive actions. Uptake of 45 Ca 2 " by Ca 2 ^ stores of perme- 
abilized A7r5 cells was inhibited by nanomolar concen- 
trations of thapsigargin. Patch-clamp analysis showed 
that thapsigargin, at micromolar concentrations but not 
at nanomolar concentrations, inhibited the L-type Ca 24 " 
channel current. Thapsigargin also inhibited the specific 
binding of a Ca 2 ' 1 " channel blocker, isradipine t in intact 
cells at micromolar concentrations. The equilibrium dis- 
sociation constant of isradipine was increased in the 
presence of thapsigargin as a result of an increase in the 
dissociation rate constant, indicating that the inhibitory 
effect of the antagonist cannot be attributed to a simple 
competitive interaction with the 1,4-dihydropyridine 
binding site (Buryi et al., 1995). These results indicate 
that thapsigargin inhibits the voltage-dependent Ca 24 " 
current by a direct interaction with the L-type Ca 2+ 
channels at higher concentrations. 

In longitudinal muscle strips of the rat uterus (Kasai 
et aL, 1994), oxytocin induced a transient increase in 
ECa 2+ ] i and contraction in Ca 24 *~free solution, Cyclopia- 
zonic acid, at submicromolar concentrations, inhibited 
the Ca 2 * release and contraction, but had no effect on 
oxytocin-induced rhythmic contractions. At a hundred 
times higher concentration, cyclopiazonic acid inhibited 
the rhythmic contractions. These results suggest that 
low concentrations of cyclopiazonic acid inhibit SR Ca 24 " 
loading in intact tissue strips, and that the SR is not 
directly involved in uterine rhythmic contractions. It is 
also suggested that a high concentration of cyclopiazonic 
acid inhibits the mechanism responsible for generation 
of rhythmic contractions. 

In addition to the effect on the SR Ca 24 " pump, 25-di- 
(ter^-butyl)-l,4-benzohydroquinone reduced the passive 
Ca 24 " leak from internal stores in permeabilized A7r5 
vascular smooth muscle cells (Missiaen et aL, 1992). 
This nonspecific effect occurred at concentrations that 
are normally used to empty the stores in intact cells, 
Cyclopiazonic acid exerted a similar, although less pro- 
nounced effect, while thapsigargin did not affect the 
passive Ca 24 " leak. 

C. Stimulants 

1. Membrane depolarization. Membrane depolariza- 
tion opens the L-type Ca 2 * channels, increases Ca 2+ 



influx, increases [Ca 2+ ] i and induces contraction. Thus, 
contraction induced by high K + is considere d to be due to 
a relatively simple mechanism, an increase in [Ca 2 *] i 
without changing other signal transduction systems in- 
cluding phosphatidylinositol turnover and Ca 2 ^ sensiti- 
zation. 

The Ca 24 " channel is activated also by maitotoxin, a 
potent marine toxin isolated from toxic tropical 
dinoflagellates and poisonous fishes, which induces con- 
tractions in different smooth muscle preparations (Ta- 
kahashi et aL f 1982; Ohizurni et aL, 1983; Ohizumi and 
Yasumoto, 1983a, b). In a primary culture of aortic cells 
(Berta et al., 1986, 1988; Gusovsky et aL, 1989), maito- 
toxin induced a very large increase in [Ca 24 ~] t concomi- 
tant with stimulation of inositolphosphate accumulation 
and loss of viability of the cells. These responses to 
maitotoxin were abolished in Ca 2_H -free medium, and 
were mimicked by saponin. Calcium ionophores or high 
K 4 " -induced membrane depolarization did not induce in- 
ositolphosphate formation. These results suggest that 
maitotoxin acts by altering membrane permeability, al- 
lowing a sustained Ca 24 * influx which is able to activate 
inositolphosphate formation and which is lethal for the 
cells. In guinea pig taenia coli, maitotoxin induced a 
much smaller contraction than did high K/ at a given 
[Ca 2+ ]j even at lower concentrations that did not dam- 
age the tissue (Ohizumi and Karaki, unpublished obser- 
vations). 

Another method to increase [Ca 24 "]; is to use Ca 24 ~ 
ionophores. Although ionomycin increased [Ca 2+ ] L and 
muscle tension, changes in contractile force were 
smaller than those induced by high K 4 " at a given [Ca 2+ ] i 
in rat aorta (Sato et al,, 1988a, b; Bruschi et aL, 1988). In 
tracheal smooth muscle cells (Taylor and Stull, 1988), 
stimulation with carbachol or ionomycin resulted in a 
rapid increase in [Ca 24 *]! and in the extent of MLC phos- 
phorylation. Although the maximal increases in [Ca 24 "]- 
were greater with ionomycin than with carbachol, there 
was a similar relationship between [Ca 2+ ] i and the ex- 
tent of MLC phosphorylation in the carbachol- and iono- 
mycm-stimulated cells. If similar relationships also ex- 
ists in rat aorta, differences observed in the contractile 
effects of high and ionomycin may indicate that 
coupling between MLC phosphorylation and contraction 
is impaired in the presence of ionomycin. These results 
suggest that contractions induced by high K 4 " are differ- 
ent from those induced by an opening of Ca 2 * channel by 
maitotoxin or an increase in Ca 2+ permeability by iono- 
phore. 

In single voltage-clamped coronary arterial smooth 
muscle cells of the guinea pig (Ganitkevich and Isen- 
berg, 1993b, 1996b), acetylcholine increased [Ca 24 "]^ 
During the subsequent slow decay, [Ca 24 ^ was tran- 
siently increased by depolarizing clamp steps and de- 
creased during hyperpolarizing steps. Calcium tran- 
sients in response to caffeine could not be modulated by 
voltage steps. The results suggest that modulation of 
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[Ca 2 *] £ by membrane potential involves IICR, Submaxi- 
mura concentration of acetylcholine induced a [Ca 2 *! 
increase after a latency period and membrane depolar- 
ization from -50 mV to +50 mV reduced the latency 
period. Supramaximal acetylcholine induced [Ca 2 *! 
transients with a shorter latency, which was indepen- 
dent of membrane potential. When applied repetitively 
at -50 mV, acetylcholine induced [Ca 2 *! transients 
with a progressively reduced amplitude and slower rate 
of rise. Depolarization to +50 mV accelerated the rate of 
rise of the [Ca 2 *] s transient without affecting the ampli- 
tude. These results suggest that membrane depolariza- 
tion modulates the initiation but not amplitude of 
[Ca 2 *]. transient by an increase in the rate of IP 3 accu- 
mulation elicited by activation of the muscarinic recep- 
tor. 

Okada et al. (1992) and Yanagisawa and Okada (1994) 
reported that, in isolated canine coronary artery stimu- 
lated with 90 mM KC1, washout of the muscle with a 
solution containing 5 mM KC1 and 2.5 mM CaCl 2 (5 K-2.5 
Ca) or 90 mM KC1 and 0 mM CaCI 2 (90 K-0 Ca) decreased 
[Ca 2 *! and induced relaxations. The rate of relaxation 
induced by 90 K-0 Ca was slower than that induced by 5 
K-2.5 Ca with no difference in the rate of decrease in 
[Ca 2 *!. A solution containing 30 mM KC1 and 0 mM 
CaCl 2 had effects between those in 5 K-0 Ca and 90 K-0 
Ca. They also showed that a K* channel opener, levcro- 
makalim, hyperpolarized the membrane, reduced 
[Ca 2 *!, and inhibited contraction induced by 30 mM 
KCL The [Ca 2 *] r force relationships, determined either 
in the presence of levcromakalim or by decreasing ex- 
tracellular K" concentrations, located to the right (high- 
er [Ca 2 *!) of the control curve initially determined by 
decreasing extracellular Ca 2 * concentrations in 30 mM 
KCL From these results, they concluded that high K*- 
induced membrane depolarization increased Ca 2 * sen- 
sitivity whereas membrane hyperpolarization induced 
by levcromakalim decreased the Ca 2 * sensitivity of con- 
tractile elements. 

Comparing to the effects of activation of either recep- 
tor/GTP-binding protein or C kinase on Ca 2 * sensitivity, 
effects of high K* are different. Inhibition of Ca 2 * chan- 
nels almost completely inhibited the increase in [Ca 2 *! 
induced by receptor agonists or phorbol esters. However, 
contractions induced by these Ca 2 * sensitizers were 
only partially inhibited. These results suggest that, in 
the presence of these Ca 2 * sensitizers, contractions can 
be elicited at a resting level of [Ca 2 *!, and that Ca 2 * 
channel blockers do not inhibit Ca 2 * sensitization. In 
contrast, [Ca 2 *] r force relationship obtained by cumula- 
tive addition of KC1 was not different from that obtained 
by cumulative addition of Ca 2_H channel blocker in the 
presence of maximally effective concentration of KCL 
This result suggests that the graded increase in both 
[Ca 2 *]j and membrane depolarization induced the same 
magnitude of contractions to those elicited by a graded 
decrease in [Ca 2 *! in the presence of constant mem- 



brane depolarization at a given [Ca 2 *!. Furthermore, 
contractions induced by high K* were completely inhib- 
ited when [Ca 2 *! was decreased to a resting level by 
Ca 2 * channel blockers (Yanagisawa et at., 1989; 
Kageyama et at., 1995), suggesting that high ^-depo- 
larization can not induce contraction in the presence of 
resting level of [Ca 2 *!. 

The Ca 2 * sensitizing effect of high K* explains the 
differences in contractile effects of high K*, ionophores 
and toxins. However, this possibility was suggested by 
comparing [Ca 2 *! detected by fura-2 and contractile 
force. Since high K* solution changes the water contents 
of smooth muscle cells (Suzuki et aL, 1980, 1981; Karaki 
et al., 1983), it is necessary to examine if dissociation 
between [Ca 2 "! and contraction is due to high ^-in- 
duced change in Ca 2 * distribution in such a manner 
that high K + increased the relative size of the contrac- 
tile Ca 2 " compartment compared to that of the noncon- 
tractile Ca 2 * compartment. To more directly determine 
the changes in Ca 2 * sensitivity, permeabilized smooth 
muscle preparations, in which Ca 2 * concentration can 
be clamped at a constant level, are usually used. Unfor- 
tunately, however, it is not possible to examine the ef- 
fects of membrane potential using a permeabilized 
smooth muscle preparation in which membrane electro- 
physiological functions have been lost. 
5. Receptor agonists. 

a. a-Adrenoceptor agonists. In rat aorta (Hisayama 
et aL, 1990), stimulation of the c^-adrenoceptors by 
phenylephrine induced a transient contraction in Ca 2 *- 
free solution and elicited a transient increase in [Ca 2 *] L 
due to Ca 2 * release. Phenylephrine-induced Ca 2+ re- 
lease was inhibited by heparin (Kobayashi et al., 1989). 
In ferret aorta, in contrast, phenylephrine elicited nei- 
ther Ca 2 * release nor contraction in Ca 2 *-free solution 
(Jiang and Morgan, 1987). Also, in rat anococcygeus 
muscle (Shimizu et aL, 1995), phenylephrine induced 
only a small increase in [Ca 2 *! and a small contraction 
in Ca 2 *-free solution. In rat tail artery (Chen and Rem- 
bold, 1995), phenylephrine elicited Ca 2 * release only at 
high concentrations. 

In the presence of external Ca 2 *, phenylephrine in- 
duced a sustained increase in [Ca 2 *! and a sustained 
contraction. In rat tail artery (Chen and Rembold, 1995), 
phenylephrine depolarized the membrane and increased 
Ca 2 * influx. Low concentrations of phenylephrine also 
increased [Ca 2 *! independent of changes in membrane 
potential, potentially by the increases in Ca 2 * influx. In 
rat anococcygeus muscle (Shimizu et aL, 1995), vera- 
pamil inhibited the contraction and the increase in 
[Ca 2 *! elicited by phenylephrine. 

In ferret portal vein (Morgan and Morgan, 1984b), 
phenylephrine produced a larger force than did high K* 
at a given [Ca 2 *] 5 . Similar results were obtained in 
guinea pig aorta (Jiang et aL, 1994), swine carotid artery 
(Rembold, 1990) and ferret aorta (Jiang and Morgan, 
1989). In permeabilized ferret aortic cells, phenyleph- 
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rine augmented the contraction induced by Ca 2+ {Col- 
lins et al., 1992}. The response of the cells to a constant 
concentration of phenylephrine in different Ca 2 " buffers 
showed a lack of Ca 2 " dependence between pCa 8.6 and 
7.0, From these and other results > it was suggested that 
the phenylephrine-induced contraction that occurred in 
the permeabilized cells at constant [Ca 2 "^ was the re- 
sult of activation of a Ca 2 ^-independent isozyme of C 
kinase (Khalil et al., 1992). In contrast, phenylephrine 
did not change Ca 2_f sensitivity in rat anococcygeus 
muscle (Shimizu et al., 1995). 

In rabbit ear artery cells (Declerck et al, 1990), phen- 
ylephrine increased force development in K*** -depolar- 
ized tissues, but reduced [Ca 2 *^ by inhibiting the L-type 
Ca 2+ channel. However, in the presence of verapamil, 
phenylephrine increased both force development and 
[Ca 2 * ]j by increasing Ca 2 ^ influx through activation of a 
non-L-type Ca 2 " entry pathway. 

In rat aorta, norepinephrine increased [Ca 2 *^ fol- 
lowed by contraction (Ozaki et ah, 1987c; Bruschi et al., 
1988). In Ca 2+ -free solution, norepinephrine induced 
only a transient increase in [Ca 2 "^ whereas it induced a 
transient contraction followed by a small sustained con- 
traction (fig. 2). The second application of norepineph- 
rine induced a small sustained contraction (10% of that 
obtained in the presence of Ca 2 "^) without increasing 
[Ca 2+ \. These changes were not affected by verapamil 
{Sato et aL, 1988a; Karaki et al,, 1988a, 1991), In cul- 
tured porcine aortic smooth muscle cells (Erdbrugger et 
al., 1993), norepinephrine released Ca 24 and transiently 
increased [Ca 2_H ] i by activating the a 2 * a( i ren oceptors 
predominantly (if not exclusively), Pretreatment of cells 
with pertussis toxin abolished norepinephrine-stimu- 
lated [Ca 2_h ]£ elevations (but not those stimulated by 
angiotensin II) suggesting involvement of a G r like GTP- 
binding protein. 

In rat aorta (Sato et al,, 1988a; Karaki et al,, 1988a, 
1991), verapamil inhibited the norepinephrine-induced 
sustained increase in [Ca 2 *]^ Verapamil decreased the 
norepinephrine-stimulated [Ca 2+ ]i more strongly than 
the accompanying contraction. In the presence of vera- 
pamil, norepinephrine induced a transient increase in 
[Ca 2 " 6 "]^ followed by a small sustained increase in [Ca 2 ^]* 
and a sustained contraction (fig. 2). In rat aorta (Sato et 
al., 1988a; Karaki et aL, 1988a, 1991), the contraction 
induced by norepinephrine was greater than that in- 
duced by high K* at a given [Ca 2 ^]^ In rat and rabbit 
mesenteric artery permeabilized by a-toxin (Nishimura 
et al., 1990), norepinephrine, TPA and GTP T S aug- 
mented the contraction induced by Ca 2 "*~ . The response 
to norepinephrine was augmented by GTP and inhibited 
by guanosine-5'-0-/3-thiodiphosphate (GDP/3S), suggest- 
ing that the increase in Ca 2H " sensitivity is mediated by 
a GTP-binding protein coupled with the a-adrenoceptor. 

In rabbit aorta (Takayanagi and Onozuka, 1990), the 
o£ X -adrenergic partial agonists, tizanidine (Konno and 
Takayanagi, 1986), induced greater contraction at a 



given [Ca 2H "] i than o^-adrenergic full agonists, phenyl- 
ephrine and norepinephrine. The intrinsic activities of 
the partial agonists obtained from tension measure- 
ments were greater than those obtained from changes 
observed in [Ca 2+ \. These results suggest that the par- 
tial agonists increase Ca 2 * sensitivity of the contractile 
elements more strongly than the full agonists. 

In rat portal vein (Pacaud et al,, 1992, 1993; Pacaud 
and Loirand, 1995), norepinephrine elicited a transient 
increase in [Ca 2 ^ by releasing Ca 2+ followed by a sus- 
tained increase. The sustained increase in [Ca 2+ ]j is due 
to Ca 2 * entry through both the L-type Ca 2+ channel and 
CRAC. Also, in rat portal vein in which the ^-adreno- 
ceptors were inhibited by prazosin (Lepretre and Miron- 
neau, 1994), activation of the ^-adrenoceptors by a se- 
lective a^-adrenoceptor agonist, oxymetazoline, an a 3 - 
adrenoceptor agonist, clonidine, or a nonselective 
a-adrenoceptor agonist, norepinephrine, caused a slow 
and sustained increase in [Ca 2+ ] i which was inhibited by 
the (^-adrenoceptor antagonist, rauwolscine. The in- 
crease in [Ca 2 "^ did not occur in Ca 2+ -free solution or in 
the presence of the Ca 2+ channel blocker, oxodipine. 
Whole-cell patch-clamp experiments showed that the 
a 2 Adrenoceptor activation promoted Ca 2 ^ influx 
through the L-type channels. The a 2 A- a drenoceptor-me- 
diated Ca 2+ influx was unchanged after complete re- 
lease of the stored Ca 2 + , In addition, no accumulation of 
IP 3 was detected. 

Wu et al. (1992) showed that Gq/Gll GTP-binding 
protein couples the a ^adrenoceptors to activate phos- 
pholipase C fi x . Gq/Gll GTP-binding protein is respon- 
sible for activation of a phosphatidyhnositol-specific 
phospholipase C leading to production of IP 3 in rat por- 
tal vein (Liepretre et al., 1994). The a 1A -adrenoceptor 
stimulation of [Ca 2 ^]. and subsequent activation of 
Ca 2 ^ -activated CP current depolarize the membrane 
and opens the L-type Ca 2+ channels. 

Taken together, these results indicate that activation 
of the ^-adrenoceptor releases Ca 2+ in rat aorta and 
portal vein. However, this receptor is not coupled to 
Ca 2 ^ release in ferret aorta and rat anococcygeus mus- 
cle, and only weakly coupled to Ca 2_H release in rat tail 
artery. This receptor may also be directly coupled to the 
L-type Ca 2 * channel and to Ca 2+ sensitizing mechanism 
in some types of smooth muscle. In contrast, the a 2A - 
adrenoceptor activation stimulates neither phosphoino- 
sitide turnover nor Ca 2 * release from intracellular 
stores. 

b. Cholinergic muscarinic receptor agonists. In 
human tracheal smooth muscle cells in culture (Amrani 
et al., 1995b), carbachol increased [Ca 2+ ] i . In guinea pig 
trachea (Goodman et al., 1987), carbachol increased both 
4o Ca 2+ influx and efflux and induced contraction. In 
canine gastric antrum (Ozaki et al., 1993), acetylcholine 
increased both [Ca 2+ ] { and Ca 2 + sensitivity. In swine 
tracheal smooth muscle (Shieh et al., 1991, 1992), ace- 
tylcholine induced a contraction with an increase in 
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[Ca 2 ^Ji and a Ca 2 ^ sensitivity. The acetylcholine-in- 
duced increases in steady-state [Ca 2 ^]f and tension were 
inhibited by the cromakalim-induced hyperpolarization 
with much less inhibitory effect on the initial transient 
increase in [Ca 2 ^. Cromakalim did not alter the rela- 
tionship between transient peak tension and [Ca 24 *!. 

In guinea pig intestinal smooth muscle (Mitsui and 
Karaki, 1990), carbachol induced an initial transient 
increase followed by a sustained increase in [Ca 24 "! and 
muscle tension. Higher concentrations of carbachol in- 
duced larger transient changes and smaller sustained 
changes. High concentrations of carbachol inhibited the 
high K + -stimulated muscle tension and [Ca 2 ~% How- 
ever, Ca 24 " sensitivity was not changed by carbachol. In 
the permeabilized muscle strips, however, phorbol ester 
shifted the Ca 2 "-tension curve to the lower Ca 2+ levels 
(Mitsui and Karaki, 1993). These results suggest that 
lower concentrations of carbachol increase [Ca 2+ ) i and 
induce contraction, whereas high concentrations of car- 
bachol have an additional effect to decrease [Ca 24 ^ and 
inhibit contraction by decreasing [Ca 24 "]j, The inhibitory 
effect of high concentrations of carbachol was similar to 
that of phorbol esters (Mitsui and Karaki, 1993; Mitsui- 
Saito and Karaki, 1996), suggesting that the inhibitory 
effect of carbachol is at least partly due to activation of 
C kinase. Acetylcholine did not have such an inhibitory 
effect (Mitsui-Saito and Karaki, 1996). 

In guinea pig taenia coli, carbachol elicited Ca 24 re- 
lease only at higher concentrations than to increase 
Ca 2 ~ influx in intact tissues (Brading and Sneddon, 
1980). In longitudinal smooth muscle of guinea pig ileum 
(Wang et aL, 1992), carbachol increased Ca 24 " influx at 
much lower concentrations than needed to increase IP 3 
and to release Ca 2 ^ from the SB, Oxotremorine and 
pilocarpine increased Ca 2+ influx with little effect on 
Ca 2-1 " release. Neomycin, a phospholipase C inhibitor, 
abolished both IP 3 formation and Ca 2+ release, but did 
not affect Ca 24 " influx. These results suggest that the 
muscarinic receptor is coupled mainly to Ca 2 * influx 
and only weakly to a phospholipase C/Ca 2+ release sys- 
tem. 

In single smooth muscle cells isolated from rat intes- 
tine (Ohta et aL, 1994), carbachol produced an initial 
peak rise in [Ca 24, ] i followed by a small sustained rise. In 
individual cells, the peak rise in [Ca 24- ! did not increase 
in amplitude even with increasing concentrations of car- 
bachol, although the threshold concentration varied in 
different cells. The initial peak rise in [Ca 2 ^, but not 
the sustained rise, was due to the release of stored Ca 2_h , 
because it was unchanged after removal of external 
Ca 24 " or the addition of nifedipine or La 3+ . In thin mus- 
cle bundles, a concentration-dependent contraction was 
evoked by carbachol in the absence of external Ca 24 \ Its 
threshold was similar to those of [Ca 2+ ]j transient in 
single cells. These results suggest that carbachol-in- 
duced release of stored Ca 24, takes place in an all-or- 



none fashion in individual cells of the rat intestinal 
smooth muscle. 

In rat aorta (Sato et al., 1990), carbachol increased 
endothelial [Ca 2 **% released nitric oxide and relaxed 
smooth muscle with only a small decrease in smooth 
muscle [Cs 2+ \, In the absence of endothelium, carbachol 
did not change resting tone and resting [Ca 2 "! in vas- 
cular smooth muscle. 

c. Prostanoids. Prostaglandin F 2a increased IP 3 for- 
mation and evoked a transient elevation in [Ca 24 "! fol- 
lowed by a sustained increase in [Ca 24 *! in human bron- 
chi (Marmy et al., 1993). Duration of the transient 
elevation in [Ca 2+ ] i appeared similar to that of the in- 
crease in IP 3 . Prostaglandin F 2a and U46619 also re- 
leased Ca 24 from the SR in rat aorta (Fukuo et al., 
1986). However, the prostaglandin F 2a -induced a tran- 
sient increase in [Ca 2 *!, which is due to Ca 24 " release, 
elicited neither a contraction (Ozaki et al, 1990c; Hi- 
sayama et al., 1990) nor an increase in MLC phosphor- 
ylation (Harada et al., 1996), In ferret aorta, prostaglan- 
din F 2a did not appear to release Ca 24 * (Suematsu et al 
1991b). 

In rat aorta (Ozaki et al., 1990c; Hori et al., 1992), 
prostaglandin F 2o induced a sustained increases in 
[Ca 24 ~! and a sustained contraction. Verapamil and re- 
moval of external Ca 2+ strongly inhibited the sustained 
increase in [Ca 2 "% suggesting that prostaglandin F 2a 
increased Ca 2+ influx through the L-type Ca 2 * channel. 
However, verapamil showed only a small inhibitory ef- 
fect on prostaglandin F 2tI -mduced contractions (Ozaki et 
al., 1990c; Hori et al., 1992). Furthermore, prostaglan- 
din F 2a or U46619 elicited greater contractions than 
high K 4 at a given [Ca 2 *! in swine coronary artery 
(Balwierczak, 1991), rat aorta (Hori et aL, 1992), ferret 
aorta (Suematsu et al, 1991b) and guinea pig aorta 
(Jiang et al, 1994). Measurements of MLC phosphory- 
lation indicated that prostaglandin F 2 „ caused sus- 
tained contraction by both elevating [Ca 24 "! and increas- 
ing Ca 24 sensitivity of MLC phosphorylation (Suematsu 
et al., 1991b; Hori et aL, 1992). In Ca 2+ -free solution, 
prostaglandin F 2a also produced a sustained contraction 
with a transient increase in [Ca 24 "! due to Ca 24 " release 
followed by no significant increase in [Ca 24 "! in ferret 
aorta (Suematsu et aL, 1991b) and rat aorta (Ozaki et 
aL, 1990c). This contraction was not accompanied by an 
increase in MLC phosphorylation in spite of the incre- 
ments in shortening velocity and stiffness (Hori et aL, 
1992). 

These results indicate that prostaglandin F 2e , releases 
Ca + from the IP 3 -sensitive store in some but not all 
types of smooth muscle. The transient increase in 
[Ca *! due to Ca 2 " release is not always coupled to 
MLC phosphorylation and contraction. Prostaglandin 
F 2ff also opens the L-type Ca 2+ channel and elicits a 
sustained increase in [Ca 2 * !. Furthermore, prostaglan- 
din F 2a increases the Ca 24 * sensitivity of MLC phosphor- 
ylation during sustained contraction. A part of the con- 
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traction may be due to a mechanism that is not 
dependent on MLC phosphorylation. 

Prostacyclin produced neither contraction nor relax- 
ation of isolated human saphenous vein (Levy, 1978). 
Rat portal veins and vena cava responded only with an 
increase in contractile tension when exposed to prosta- 
cyclin. Prostacyclin failed to relax high K* -contracted 
vena cava. Prostacyclin analog, iloprost, inhibited the 
contraction elicited by U46619 or prostaglandin F 2oc in 
guinea pig aorta with little effect on high K + -induced 
contraction (Ozaki et aL, 1996), Inhibition of contraction 
followed only a small decrease in [Ca 2 "% suggesting 
that Ca 2 * sensitivity was decreased. Iloprost increased 
cyclic AMP. 

d. Endothelin-L Endothelin-1 (Yanagisawa et al, 
1988; Masaki, 1995) acts on the ET A receptor and elicits 
sustained contractions with sustained increases in 
[Ca 2+ ] i in rat aorta, canine trachea, guinea pig uterus 
(Sakata et al. t 1989), rat carotid artery (Ozaki et al., 
1989), swine carotid artery (Rembold, 1990) and rabbit 
mesenteric artery (Yoshida et al., 1994). However, endo- 
thelin-1 induced only small increase in [Ca 2 ^ and small 
contractions in guinea pig vas deferens, taenia coli and 
ileal longitudinal muscle (Sakata et al., 1989). The ini- 
tial portion of the increase in [Ca 2+ ]j is due to formation 
of IP 3 (Marsden et ah, 1989) and resulting Ca 2 * release 
(Ozaki et al., 1989; Sakata et al., 1989; Wagner-Mann 
and Sturek, 1991; Kai et al., 1989). However, the in- 
crease in [Ca 2+ ] i due to Ca 2 * release did not induce 
contraction in rat aorta (Sakata et aL, 1989) and rat 
carotid artery (Ozaki et aL, 1989), Endothelin-1 did not 
induce Ca 2 * release in rat uterus (Sakata and Karaki, 
1992), 

Sustained increases in tCa 2 *^ due to endothelin-1 
were strongly inhibited by removal of external Ca 2 * and, 
also, by the Ca 2+ channel blockers, nicardipine in swine 
coronary artery (Goto et aL, 1989), verapamil and nicar- 
dipine in rat aorta (Sakata et al., 1989; Hori et al., 1992), 
nicardipine in rabbit mesenteric artery (Yoshida et aL, 
1994), and WPN200-110 and nifedipine in rabbit aorta 
(Benchekroun et aL, 1995). In the non-pregnant rat 
uterus, verapamil strongly inhibited the sustained in- 
crease in [Ca 2+ ]i due to endothelin-1 although verapamil 
showed only a weak inhibitory effect in pregnant rat 
uterus (Sakata and Karaki, 1992), These results suggest 
that endothelin-1 opens the L-type Ca 2 * channel and 
elicits a sustained increase in [Ca 2 *]^ In pregnant rat 
uterus, however, endothelin-1 may also open a non~L- 
type Ca 2+ entry pathway. Enoki et aL (1995a, b) showed 
that endothelin-1 opens a nonselective cation channel 
which is permeable to Ca 2 * (see section ILD.2.). 

The endothelin-l-induced contraction was greater 
than that induced by high K* at a given [Ca 2 *]j in rat 
aorta (Sakata et al,, 1989; Hori et al., 1992), and swine 
coronary artery (Kodama et aL, 1994), Endothelin-1 also 
augmented the Ca 2 * -induced contraction in permeabil- 
ized smooth muscle (Nishimura et aL, 1992; Yoshida et 



al., 1994; Sudjarwo and Karaki, 1995), Endothelin-1 
elicited greater MLC phosphorylation than high K* at a 
given [Ca 2 *] t in swine carotid artery (Rembold, 1990), 
rat aorta (Hori et al., 1992) and rabbit mesenteric artery 
(Yoshida et al., 1994). In rabbit mesenteric artery, the 
increase in MLC phosphorylation was not altered by 
changes in [Ca 2+ ] i} suggesting that the increased MLC 
phosphorylation may be the result of C kinase activation 
rather than MLC kinase activation (Yoshida et aL, 1994; 
Sudjarwo and Karaki, 1995). In swine coronary artery 
(Kodama et al., 1994), in contrast, MLC phosphorylation 
decreased during the sustained contraction, indicating 
that the increases in Ca 2 * sensitivity of contraction are 
not attributable to increased MLC phosphorylation. 

In swine pulmonary vein, endothelin-1 acted on the 
ET B receptor and increased both [Ca 2 "^ and Ca 24 " sen- 
sitivity although it did not induce Ca 2 * release, indicat- 
ing that the ET B receptor is coupled to Ca 2 * influx but 
not to Ca 2 * release (Sudjarwo et aL, 1995; Karaki and 
Matsuda, 1996). In porcine coronary artery (Kasuya et 
aL, 1992) and rat trachea (Henry, 1993), contractions 
mediated by the ET B receptor are due to Ca 2 * influx but 
not to IP 3 production or Ca 2 * release. In rabbit saphe- 
nous vein, Gray et aL (1994) reported that the ET B 
receptor is not coupled to activation of C kinase. In 
contrast, Sudjarwo and Karaki (1995) reported that the 
ET B receptor-mediated contraction is due to activation 
of C kinase whereas Ca 2 * sensitization is due only par- 
tially to C kinase activation. 

Thus, endothelin-1 acts on the ET A receptor, increases 
IP 3 production, and releases Ca 2 * to induce an initial 
transient increase in [Ca 2_i "] i in some types of smooth 
muscle. However, this increase is not always coupled to 
MLC phosphorylation or contraction. Endothelin-1 also 
opens the L-type Ca 2+ channel to induce a sustained 
increase in [Ca 2 *^ and a sustained contraction. Non-L- 
type Ca 2 * entry pathway may also be activated. In some 
smooth muscles, Ca 2 * sensitivity of contractile elements 
is increased by endothelin-1. Endothelin-1 also acts on 
the ET B receptor, which may be coupled to Ca 2 * influx 
pathway and Ca 2 * sensitization but not to phosphati- 
dylinositol turnover. Stimulation of the ET B receptor, 
therefore, increases [Ca 2 *^ and induced contraction 
which is greater than that induced by high K* at a given 
[Ca 2 *^ without inducing Ca 2 * release. 

e. HISTAMINE. In rat aortic cells in primary culture 
(Matsumoto et al., 1986, 1989, 1990), histamine acti- 
vated the histamine H x receptor and induced an eleva- 
tion of [Ca 2 *]i of a peak and plateau type. The peak 
component was due to Ca 2 * release and the plateau 
component depended on Ca 2 * influx. Verapamil and 
diltiazem inhibited the plateau component. Histamine 
released Ca 2 * from the norepinephrine-sensitive store. 
On the other hand, caffeine had little effect on the his- 
tamine-sensitive and norepinephrine-sensitive Ca 2 * 
store sites. 
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In guinea pig trachea cells (Suzuki et aL, 1994), 
[Ca 24 "^ response to histamine was an all-or-none type in 
each cell. The threshold concentration of histamine to 
increase [Ca 2 ' f ] i and peak [Ca z +\ varied from cell to cell 
and half-maximal response time was shortened with 
increasing* concentrations of histamine. The heterogene- 
ity in the required threshold concentration of histamine 
to increase [Ca 24 "] iy and the concentration dependency in 
half-maximal response time of the histamine-induced 
[Ca 2+ ]j increase may be related to the graded responses 
of histamine-induced contractions in preparations of the 
tracheal tissue. 

In swine coronary artery strips (Mori et aL, 1990a; 
Hirano et aL, 1991), histamine elicited a sustained in- 
crease in [Ca- !+ ]i and a sustained contraction. In Ca 2+ - 
free solution, histamine induced only an initial transient 
increase in [Ca 2 *\ and transient contraction. The rela- 
tionship between [Ca 2+ ]j and tension in the early, rising 
phase of contraction was similar to that obtained during 
high K 4 * depolarization. At the time of maximum tension 
development, histamine-induced contraction was 
greater than that elicited by high K 4, at a given tCa 2 " f '] i 
which persisted in the phase of declining tension. 

f. Adenosine 5'-triphosphate, In cultured smooth 
muscle cells of rat aorta (Tawada et al., 1987) and in 
cultured swine aortic smooth muscle cells (Kalthof et aL, 
1993), ATP induced a transient increase in [Ca 2+ ] i due 
to Ca 24 * release and rapid production of IP 3 . In myocytes 
freshly isolated from human saphenous vein (Loirand 
and Pacaud, 1995), ATP elicited a transient inward cur- 
rent and increased [Ca 2+ ] it The ATP-gated current cor- 
responded to a nonselective cation conductance allowing 
Ca 2 " entry. The ATP-induced [Ca 24 ^ rise was abolished 
in Ca 24 "-free solution and was reduced when ATP was 
applied immediately after caffeine or in the presence of 
thapsigargin. The CICH blocker, tetracaine, inhibited 
the rise in [Ca 24 "] i induced by both caffeine and ATP. 
These results suggest that the ATP-induced [Ca 24 "^ rise 
is due to both Ca 24 " entry and CICR activated by Ca 2+ 
influx. ATP also released Ca 24 " in single smooth muscle 
cells of the rat portal vein (Pacaud and Loirand, 1995). 
In rat aortic tissues (Kitajima et al., 1994), Ca 2 * release 
is mediated by the P 2 yu purinoceptor whereas Ca 2 " 
influx is mediated by both the P^ and the P 2 to purino- 
ceptors. 

In single smooth muscle cells dissociated from rabbit 
ear artery (Benham, 1989), ATP opened cation channels 
and elevated [Ca a+ ]g. The ATP-activated channels had a 
dual excitatory function: depolarization due to Na^ en- 
try promotes action potential discharge and voltage- 
gated Ca 24 " entry and, also, direct entry of Ca 24 ~ through 
the ATP-activated channels. In cultured rat aortic 
smooth muscle cells (Von der Weid et aL, 1993), ATP 
binding to the P 2 -purinoceptors produced increases of 
[Ca 2 *! and subsequent activation of Ca 24 " -dependent 
K + and CP currents. 



In rat aorta, the ATP-induced increases in [Ca 2+ ] 4 
were not coupled to contraction (Kitajima et al, 1993," 
1994, 1996a), as described in section ILEX Similar dis- 
sociation was observed in bovine trachea and guinea pig 
ileum although no such dissociation was observed in 
rabbit mesenteric artery and guinea pig vas deferens 
(Karaki et aL, 1996). 

g.. Angiotensin II. In canine mesenteric artery cells 
(Satoh et aL, 1987), angiotensin II induced a transient 
increase in [Ca 24 % Contraction induced by angiotensin 
n was short-lasting. After initial exposure to angioten- 
sin II, subsequently applied angiotensin II generated 
small contractions. In Ca 24 "-free solution, angiotensin II 
also induced a transient contraction. Angiotensin II- 
induced Ca 24 * release accompanied IP 3 production (Al- 
exander et aL, 1985; Nabika et aL, 1985; Dostal et aL, 
1990). 

Angiotensin II induced not only Ca 2 * release but also 
Ca 2 * influx (Koh et aL, 1994; Zhu et al., 1994). In the 
isolated rat renal arteriole (Conger et aL, 1993), angio- 
tensin II caused the sustained increases in [Ca 24 ^, With 
diltiazem in the bathing media, angiotensin II caused a 
transient increase in [Ca 24 ^ in afferent arterioles but 
only a sustained increase in efferent arterioles. In Ca 2+ - 
free solution, angiotensin II elicited a transient increase 
in [Ca + ]i in both arterioles. In human coronary smooth 
muscle cells (Kruse et aL, 1994), nitrendipine had no 
significant effect on basal or stimulated [Ca 24 "] i after 
short-term treatment, but decreased basal [Ca 2 ^] i after 
a 24 h incubation, attenuated the plateau phase of an- 
giotensin II-evoked [Ca 24 '] i transients, and reduced pro- 
liferative activity of these cells. These findings indicate 
that angiotensin II stimulates both Ca 24 " entry through 
the L-type Ca 24 " channels and Ca 2 " release. 

h. Platelet-derived growth factor. In cultured 
smooth muscle cells, PDGF increased [Ca 24 ^ and in- 
duced contraction (Morgan et aL, 1985), The increase in 
[Ca 24 ^ followed an activation of phosphatidylinositol 
turnover in rat mesangial cells (Mene et aL, 1987) and 
cultured human vascular smooth muscle cells (Bochkov 
et aL, 1992). PDGF also increased Ca 2+ influx through 
the L-type Ca 2+ channel in rabbit ear artery cells (Wi- 
jetunge and Hughes, 1995) and cultured rat aortic cells 
(Bendhack et aL, 1992). The increase in Ca 24 " influx 
elicited by PDGF in rat aorta (Sauro and Thomas, 1993) 
and rabbit ear artery cells (Wijetunge and Hughes, 
1995) were inhibited by tyrosine kinase inhibitors, tyr- 
phostin and genistein. PDGF also activated mitogen- 
activated protein kinase, phosphoryiated cytosolic phos- 
pholipase A 2 , released arachidonic acid, increased 
prostaglandin E 2 synthesis, increased cyclic AMP forma- 
tion and activated A kinase in human arterial cells 
(Graves et aL, 1996). Calcium release and Ca 2+ influx 
induced by PDGF were necessary for initiation of DNA 
synthesis in cultured rat vascular cells (Mogami and 
Kojima, 1993). 
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i. Neuropeptide Y. Neuropeptide Y induced contrac- 
tion in canine basilar artery by an increase in [Ca 2 *\ 
through a Ca 2_r channel blocker-sensitive pathway with- 
out changing the Ca 2 * sensitivity (Tanaka et aL, 1995), 

3. Other constrictors. Sodium fluoride induced sus- 
tained contractions in rabbit ear artery and main pul- 
monary artery in the absence of external Ca 24 ~ (Casteels 
et aL, 1981). Sodium fluoride-induced contraction in 
guinea pig trachea was augmented in the presence of 
aluminum ion by the direct activation of GTP-binding 
protein (Leurs et al. t 1991). Sodium fluoride elicited 
greater MLC phosphorylation than high K + for given 
increase in [Ca 2+ ] i in swine carotid artery and addition 
of sodium fluoride to high K^-depolarized tissues pro- 
duced similar increases in Ca 2+ sensitivity of MLC phos- 
phorylation to those elicited by histamine (Hembold, 
1990). Alurninum fluoride reversibly increased Ca 2 ^ 
sensitivity of contractile elements in a-toxin-permeabil- 
ized rabbit mesenteric artery (Kawase and Van Bree- 
men, 1992), The Ca 2+ sensitizing effect was inhibited by 
H-7. 

Vanadate is a potent inhibitor of Na^K^-ATPase de- 
rived from bovine aorta (Fox et aL, 1983). The Ca 2+ - 
ATPase of the same preparation was inhibited at 10 
times higher concentrations. Vanadate also inhibited 
tyrosine phosphatase and augmented phosphorylation 
elicited by tyrosine kinase (Wong and Goldberg, 1983). 



Vanadate elicited contraction in rat aorta which was 
partially inhibited by verapamil (Fox et aL, 1983), Van- 
adate elicited a transient contraction followed by a sus- 
tained contraction in monkey and rabbit trachea by 
Ca 2 ^ release and Ca 2 ^ influx without changing Na" 
pump activity (Ueda et aL, 1985). 4S Ca a+ uptake into 
smooth muscle cell increased in the presence of vana- 
date, but the increase was much less than that induced 
by high K/\ In saponin-permeabilized smooth muscle, 
vanadate inhibited the Ca 2+ -induced contraction (Su- 
nano et aL, 1988). Although vanadate increased vascu- 
lar tone by elevating [Ca 2+ ] i? higher concentrations of 
vanadate quenched the fura-2 fluorescence and made 
the measurements difficult (Sandirasegarane and Go- 
palakrishnan, 1995). In A7r5 aortic smooth muscle cells 
(Kaplan and Di Salvo, 1996), vanadate increased ty- 
rosine phosphorylation and induced a slow and small 
increase in [Ca 2 ^] i that was dependent on extracellular 
Ca 2 ^\ Genistein blocked tyrosine phosphorylation and 
the increase in {Ca?*\ induced by vanadate. In contrast, 
lavendustin and tyrphostin enhanced tyrosine phos- 
phorylation. Lavendustin produced time-dependent en- 
hancement of the vanadate-induced increase in [Ca 2+ ]j. 

4. Summary. The effects of smooth muscle stimulants 
are summarized in table 2. These results indicate that 
stimulants elicit contraction by increasing [Ca 2 *^ 
and/or increasing Ca 2 ^ sensitivity of contractile ele- 



TABLE 2 

The effects of smooth muscle stimulants and relaxants on [Ca 3 *],- and Ca 2+ sensitivity 



increase in LCa 2 ""], 



No change in [Ca 2+ 3i 



Decrease in [Ca 2+ \ 



Increase in Ca 2 ' sensitivity 



No change in Ca 2 * sensitivity 



Decrease in Ca 2+ sensitivity 



Phenylephrine 11 , 
norepinephrine 0 , 
clonidine", tizanidine", 
acetylcholine", carbachol*, 

. 1146619% prostaglandin 
Fj,^, endothelm-l", 
histamine**, phorbol 
esters", acidosis*, 
halothane n t enflurane a 

High K* depolarization*, 
neuropeptide Y*, ATP", 
carbachol* hypoxia* 



Caffeine 11 , ATP% vanadate 0 , 
cyclic AMP, cyclic GMP, 
adenosine (H), hypoxia, 
alkalosis, H 2 O a 



Phorbol esters*, enflurane a , 
acidosis 3 , okadaic acid a , 
calyculin A u 



Cyclic AMP, cyclic GMP, 

cytochalasines, mycalolide B, 
okadaic acid 



Phorbol esters 0 , acidosis 



Ca 2+ channel blockers, captopril, 
vasoactive intestinal peptide, 
tmb-8 (L), 1,9-dideoxyforskolin, 
reserpine, spiradoline, LP-805, 
hirsutine, midazolam, 
trimebutine, hypoxia, estrogen, 
polyamines 

Cyclic AMP, cyclic GMP K* 
channel openers, halothane, 
isoflurane, enflurane, 
sevoflurane, CGRP, 
adrenomedullin, insulin, 
cadralazine, trifluoperazine, 
azelastin, lidocaine, EDM, KT- 
362, lithium hypoxia, cyanide, 
2,4-dinitrophenol, adenosine 
(L>, TMB-8 (H), carbachol (E), 
ATP (E), bradykinin (E), 
rutaecarpine (E) 



a Stimulants. 

(H), higher concentrations; (L), lower concentrations; (E) f endothelium-dependent relaxation. 
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ments. The increase in [Ca 2 "^ is due mainly to opening 
of the L-type Ca 2 " channel and partly to Ca 2 + release 
and Ca 2+ influx through nonselective cation channel 
and CRAC. Stimulants such as high K* and neuropep- 
tide Y increase [Ca 2 " t *] i without changing* Ca 2+ sensitiv- 
ity whereas various receptor agonists increase both 
[Ca 2 *]i and Ca 2+ sensitivity. Some stimulants such as 
caffeine and ATP increase [Ca 2+ ] i> decrease Ca 2+ sensi- 
tivity, and induce only small contractions. This dissoci- 
ation may be due to either the decrease in Ca 2H " sensi- 
tivity or the increase in noncontractile Ca 24 " rather than 
contractile Ca 2+ 

D. Relaxants 

1. Calcium channel blockers. The Ca 2+ channel block- 
ers are selective inhibitors of the L-type Ca 2+ channel 
(see Godfraind et al., 1986). In various types of smooth 
muscle, Ca 2+ channel blockers strongly inhibit the high 
K^-induced increase in [Ca 2- ^ (for example, see De Feo 
and Morgan, 1985, 1989; Sumimoto and Kuriyama, 
1986; Sato et al, 1988a; Takeuchi et aL, 1989b; Hagi- 
wara et al., 1993; Muraki et aL, 1993). In single smooth 
muscle cells, however, Ca 2 * channel blockers did not 
inhibit or only partially inhibited the increase in [Ca 2+ ]j 
due to acetylcholine (Sumimoto and Kuriyama, 1986), 
carbachol (Pacaud and Bolton, 1991), norepinephrine 
(Reynolds and Dubyak, 1986; Pacaud et al, 1992), phen- 
ylephrine (Declerck et aL, 1990), histamine (Dickenson 
and Hill, 1992), serotonin (Wang et aL, 1991), ATP 
(Kalthof et aL, 1993) and vasopressin (Reynolds and 
Dubyak, 1986; Takeuchi et aL, 1989b; Thibonnier et aL, 
1991; Hughes and Schachter, 1994), However, others 
showed that Ca 2+ channel blockers decreased the 
fCa 2 " f "] i in single smooth muscle cells that were elicited 
by norepinephrine (Nebigil and Malik, 1993), clonidine 
{Lepretre and Mironneau, 1994), angiotensin II (Kruse 
et aL, 1994), serotonin (Yang et aL, 1994b), bradykinin 
(Yang et aL, 1994a), oxytocin (Arnaudeau et aL, 1994), 
insulin (Bkaily et aL, 1992), vasopressin (Byron, 1996), 
endothelin-1 (Suzuki et aL, 1991; Gardner et aL, 1992; 
Yang et aL, 1994e, f) and sarafotoxin S6b (Yang et al, 
1994c), In isolated smooth muscle tissues, Ca 2+ channel 
blockers inhibited the increase in [Ca 2 *]j induced by 
norepinephrine (Sato et aL, 1988a; Karaki et aL, 1991; 
Hagiwara et aL, 1993), a 2 -adrenergic agonists (Lepretre 
and Mironneau, 1994; Parkinson and Hughes, 1995), 
PDGF (Hughes, 1995), endothelin-1 (Sakata et al, 1989; 
Hori et aL, 1992; Huang et aL, 1993; Benchekroun et aL, 
1995), serotonin (Godfraind et aL r 1992), prostaglandin 
F 2q (Ozaki et aL, 1990c) and U46619 (Iwamoto et aL, 
1993; Yamashita et aL, 1994). However, Ca 2 "^ channel 
blockers did not inhibit the increase in [Ca 2+ ] i in smooth 
muscle tissues elicited by ATP (Kitajima et aL, 1993). 
These results indicate that the increase in [Ca 2 " 1 "^ is due 
not only to the L-type Ca 2+ channel, which is sensitive to 
Ca 2 " channel blockers, but also to Ca 2+ release and 



Ca 2+ influx through non-L-type Ca 2 " entry pathways in 
smooth muscle cells. 

In rat aorta, Karaki et al. (1991) found that verapamil 
decreased the norepinephrine-stimulated [Ca 2 " H ] i more 
strongly than the contraction whereas verapamil de- 
creased high K + -stimulated [Ca 24 ^ and contraction in 
parallel. In the presence of verapamil at a concentration 
needed to completely inhibit the high K + ~induced incre- 
ments, norepinephrine induced a transient increase in 
[Ca 2+ ]j due to Ca 2+ release, followed by a small sus- 
tained increase in [Ca 2 ^ which averaged 25% of that in 
the absence of verapamil. These changes were followed 
by a sustained contraction which averaged 60% of that 
in the absence of verapamil (fig. 2). In Ca 2+ -free solu- 
tion, norepinephrine induced only a transient increase 
in [Ca + ]j whereas it induced a transient contraction 
followed by a small sustained contraction. The second 
application of norepinephrine induced only a small sus- 
tained contraction (10% of that in the presence of Ca 2+ ) 
without increasing [Ca z+ ] s . These changes were not af- 
fected by verapamil. Felodipine and nifedipine had ef- 
fects similar to those of verapamil (Hagiwara et aL, 
1993). These results suggest that the major pathway of 
Ca 2 " 1 " entry in smooth muscle is the L-type Ca 2+ channel 
and a part of the norepinephrine-stimulated Ca 2 " 5 " influx 
is due to opening of non-L-type pathways. Contractions 
induced by agonists are less sensitive to Ca 2+ channel 
blockers than is the high K"-induced contraction, possi- 
bly because these blockers do not inhibit agonist-in- 
duced Ca 2+ -sensitization. 

Some 1,4-dihydropyridine Ca 24 * channel blockers have 
long-term effects. Kim et aL (1992) examined the effects 
of nisoldipine and found that after nisoldipine had been 
removed from muscle bath, the inhibitory effect faded 
away very slowly. The residual inhibitory effects on 
[Ca 24 *! and muscle tension were antagonized by BAY 
k8644 and by high concentrations of Ca^, suggesting 
that this effect is due to Ca 2 + antagonism. Ultraviolet 
light, which has been shown to decompose some 1,4- 
dihydropyridines, attenuated the residual effects of ni- 
soldipine. Prom these results, they suggested that the 
residual effects of nisoldipine are due to tight binding to 
Ca 2 " channels even after washout. Spampinato et al. 
(1993) compared the inhibitory effects of the 1,4-dihy- 
dropyridines, lacidipine, nitrendipine, amlodipine, and 
nifedipine. A7r5 cells were exposed to the 1,4-dihydro- 
pyridines and then repeated washout cycles were per- 
formed before adding KCL The Ca 24 * channel blocking 
activity of nifedipine and nitrendipine gradually dimin- 
ished, disappearing after a 3-h washout. Amlodipine and 
lacidipine displayed slow onset and offset of antagonism, 
their activity becoming stronger with time in spite of the 
repeated washes. Lacidipine was avidly and promptly 
entrapped in A7r5 cells and was not removed by wash- 
out. However, its potency as a Ca 2+ channel blocker was 
not directly related to the amount of drug locked in the 
cell since it increased with time, indicating that lacidip- 
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ine binds to the lipid bilayer of the cell membrane and 
then gradually diffuses toward a specific binding site. 

It has been shown that Ca 24 " channel blockers have 
multiple sites of action other than L-type Ca 2 * channel, 
including ion channels, exchangers and enzymes (see 
Zernig, 1990). Verapamil inhibits not only L-type Ca 2 + 
channels but also Na + channels (Shigenobu et aL, 1974), 
a^-adrenoceptors (Bhalla and Sharma T 1986) and a 2 - 
adrenoceptors (Cavero et aL, 1983), In rat aorta, Mu- 
rakami et aL (1995) compared the effects of Ca 2 * chan- 
nel blockers, diltiazem, bepridil, benzothiazine 
derivative, semotiadil fumarate, and its (S)-(-)enanti- 
omer (SD-3212), These blockers inhibited the contrac- 
tion induced by high K + accompanied by a decrease in 
[Ca 2+ ]i. However, diltiazem and bepridil inhibited nei- 
ther the increase in [Ca 2 ^ nor the contraction induced 
by norepineprhine. In contrast, semotiadil and SD-3212 
inhibited only the early phase of the increase in [Ca 2+ ]j 
induced by norepinephrine. After 5 min, no significant 
effect on [Ca 24 "^ was observed with these compounds 
despite the significant decrease in the contraction, Se- 
motiadil and SD-3212 inhibited the transient contrac- 
tion induced by norepinephrine in the absence of exter- 
nal Ca 2+ , Both compounds partially but significantly 
inhibited the norepinephrine-induced contraction in ni- 
fedipine-treated muscles. These results suggest that se- 
motiadil and SD-3212 inhibit contractions of vascular 
smooth muscle not only through blockade of the L-type 
Ca 2+ channels but also through inhibition of Ca 2+ re- 
lease and a decrease in Ca 2+ sensitivity. 

2. Potassium channel openers. Potassium channel 
openers comprise a diverse group of molecules. These 
compounds open K"~ channels, hyperpolarize the mem- 
brane, inhibit the opening of the L-type Ca 2 *^ channel, 
inhibit Ca 2 ^ influx, decrease [Ca 2+ ] it and inhibit con- 
traction (Weston and Edwards, 1992; Kuriyama et ah, 
1995). In rat aortic cells (Morimoto et aL, 1987), nicoran- 
dil inhibited the increase in [Ca 24 *^ evoked by angioten- 
sin II or prostaglandin F 2a , In the femoral artery of 
guinea pigs (Nakajima et aL, 1989), pinacidil decreased 
[Ca 2+ ] s and inhibited the contraction induced by high 
K + . These results are consistent with the idea that K + 
channel openers decrease [Ca 2 *^. 

Anabuki et aL (1990) showed that pinacidil has mul- 
tiple sites of action. In rat aorta, pinacidil inhibited the 
increases in [Ca 2_5 ~]j and muscle tension due to norepi- 
nephrine. In contrast, verapamil inhibited the norepi- 
nephrine-stimulated [Ca 24 *^ more strongly than the con- 
traction (because norepinephrine increases both [Ca 2_i "] i 
and Ca 2 * sensitivity and verapamil decreases [Ca 2+ ]j 
but not Ca 2+ sensitivity). Higher concentrations of 
pinacidil (higher than 3 mM) inhibited the verapamil- 
insensitive portion of the contraction and [Ca 2 "l s . Glib- 
enclamide antagonized the inhibitory effects of low con- 
centrations (10 mM or less) of pinacidil but not those of 
high concentrations. Norepinephrine (in the presence of 
GTP), PDBu, and treatment with GTP7S potentiated 



the Ca 2+ -induced contraction of permeabilized smooth 
muscle, Pinacidil inhibited the Ca 2+ sensitization due to 
GTP7S or norepinephrine but not to phorbol ester. 
These results suggest that pinacidil has dual effects on 
vascular smooth muscle contraction; to decrease [Ca 2 ^] i 
by activating channels, and to directly inhibit the 
receptor-mediated, GTP binding protein-coupled Ca 24 ~ 
sensitization, Itoh et al. (1991) showed that pinacidil 
also directly inhibits contractile elements in rabbit mes- 
enteric artery. 

Taira and co-workers, in canine and porcine coronary 
arteries (Yanagisawa et al., 1990, 1993; Yamagishi et 
aL, 1992a, b; Okada et al., 1993a, b), and Kuriyama and 
co-workers, in rabbit mesenteric artery (Ito et aL, 1991b; 
Itoh et aL, 1992), found that K + channel openers inhibit 
agonist-induced Ca 2+ release. These inhibitors inhibited 
the production of IP 3 and Ca 2+ release from the SR, 
decreased [Ca 2+ ] i and inhibited contraction induced by 
U46619 or norepinephrine. The channel blockers, 
tetrabutylammonium and glibenclamide, abolished the 
effects of cromakalim, levcroraakalim, and Ki 4032, 
whereas these blockers only slightly attenuated the re- 
laxant effects of pinacidil, KRN 2391 and nicorandil. 
Cromakalim and Ki 4032 only partially inhibited the 30 
mM KCl-indueed contractions, whereas pinacidil, nic- 
orandil, and KRN 2391 nearly abolished contractions 
produced by higher concentrations of K 4 ". Thus, cro- 
makalim, levcromakalim and Ki 4032 are more specific 
K" channel openers than pinacidil, nicorandil, and KRN 
2391. Ki 1769 showed effects similar to those of cro- 
makalim (Yokoyama et al., 1995). In j3-escin-skinned 
strips, levcromakalim did not inhibit the Ca 2+ release 
induced by norepinephrine. Y-26763 showed effects sim- 
ilar to those of cromakalim (Itoh et aL, 1994a). Thus, the 
vasodilation related to reduction of [Ca 2+ ]j produced by 
K" channel openers is due to hyperpolarization of the 
plasma membrane resulting in not only the closure of 
voltage-dependent Ca 2+ channels but also inhibition of 
the production of IP 3 and Ca 2+ release from the SR. 
Okada et al. (1993a, b) reported that the membrane 
hyperpolarization induced by levcromakalim and KRN 
2391 decreases Ca 2 *-sensitivity of the contractile ele- 
ments in canine coronary arteries. 

In rat aorta, in contrast, Yamashita et aL (1994) 
showed that NIP-121 and cromakalim did not inhibit the 
norepinephrine-induced transient contractions and the 
increased [Ca 2 "l f due to Ca 24 " release. In rabbit femoral 
artery, Abe et al. (1994) also found that, although nic- 
orandil inhibited Ca 2+ release induced by norepineph- 
rine, cromakalim had no such effects. Since nicorandil 
increased cyclic GMP (Holzmann, 1983; Schmidt et aL, 
1985; Abe et aL, 1994) and increased the activity of 
Ca 2+ -ATPase in the microsomal fraction of porcine cor- 
onary artery (Morimoto et aL, 1987), inhibition of Ca 2 ^ 
release may be due to activation of G kinase. These 
results may indicate the existence of tissue differences 
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in the inhibitory effects of K + channel openers on SR 
Ca 2 ^ release. 

Iwamoto et aL (1993) compared the vasorelaxant 
effects of the channel openers, pinacidil and 

cromakaHm, with those of the Ca 2 * channel blockers, 
verapamil and I-[bis(4-fluorophenyl)methyl>4- 
(2,3,4-trimethoxybenzyDpiperazine dihydrochloride 
(KB-2796), in canine arteries precontracted with 
U46619, The relaxant effects of pinacidil and cro- 
makalim were in the order of coronary > renal > basi- 
lar > mesenteric arteries. The relaxant effects of vera- 
pamil and KB-2796, in contrast, were in the order of 
basilar > coronary > renal — mesenteric arteries. 

Trongvanichnam et al. (1996a) showed that, in the 
aorta isolated from rats orally given a high dose of 
levcrornakalim for 2 weeks, the inhibitory effect of 
levcromakalim itself was reduced. Furthermore, the in- 
hibitory effects of sodium nitroprusside and 8-bromo- 
cyclic GMP were also attenuated although the effects of 
verapamil and forskolin were unchanged. The aorta did 
not loose the ability to produce cyclic GMP in response to 
sodium nitroprusside or 3-isobutyl-l-methylxanthine. In 
the aorta isolated from levcromakalim-pretreated SHR, 
basal tone was high and spontaneous oscillatory con- 
tractions were observed. These changes were inhibited 
by verapamil, supporting the suggestion that the L-type 
Ca 2 ^ channels are activated {Sada et aL, 1990), The 
effects of repeated levcromakalim administration were 
similar to those of a slight membrane hyperpolarization 
by high K^, These results suggest that continuous open- 
ing of K + channels by levcromakalim either closed the 
K + channels or decreased the number of channels, 
depolarized the membrane, and activated the L-type 
Ca 2 * channels. These results also suggest that one of 
the actions of cyclic GMP is to open K + channels which 
are inactivated by levcromakalim-pretreatment 

In the aorta isolated from rats orally given a high dose 
of nicorandil for 4 weeks (Trongvanichnam et aL, 
1996b), the inhibitory effect of nicorandil itself, sodium 
nitroprusside, nitric oxide, endothehum-derived relax- 
ing factor released by carbachol, 8-bromo-cyclic GMP, 
levcromakalim, and forskolin were reduced. However, 
the inhibitory effect of verapamil was not changed. The 
ability of the nicorandil-pretreated aorta to produce cy- 
clic GMP in response to nicorandil and sodium nitro- 
prusside was reduced. In contrast, a 4-week oral admin- 
istration of isosorbide dinitrite to the rats did not change 
the response of aorta to sodium nitroprusside and levcro- 
makalim although the response to isosorbide dinitrite 
itself was attenuated (Trongvanichnam et aL, 1996c). 
These results support the suggestion that nicorandil 
acts on both K + channels and cyclic GMP system to 
induce relaxation. Furthermore, nicorandil does not 
seem to desensitize the nitric oxide-generating step al- 
though isosorbide dinitrite desensitizes this step. 



3. Other relaxants. 

a. Calcitonin gene-related peptide and ad- 
renomedullin. Calcitonin gene-related peptide (CGRP) 
(Amara et aL, 1982; Feuerstein and Hallenbeck, 1987; 
Poyner, 1995) is a potent vasodilator that acts to in- 
crease cyclic AMP (Kubota et aL, 1985; Hirata et aL, 
1988; Kageyama et aL, 1993) and to activate rT" chan- 
nels (Nelson et aL, 1990; Kitazono et aL, 1993)- In rat 
aorta (Ishikawa et aL, 1993), CGRP inhibited norepi- 
nephrine-induced contraction and decreased [Ca 2 "*"]^ 
The effects of CGRP were augmented by an inhibitor of 
phosphodiesterase, 3-isobutyM-methylxan thine, and 
were inhibited by an inhibitor of A kinase, the i? p -diaste- 
reomer of cyclic AMP. Also, in rat aorta (Yoshimoto et 
aL, to be published), CGRP increased endothelial [Ca^Jj 
and induced endothelium-dependent relaxation. In the 
absence of endothelium, CGRP was almost ineffective. 
In swine coronary artery, in contrast, CGRP induced 
relaxation in the absence of endothelium accompanied 
by a decrease in smooth muscle [Ca 2 *^ and an increase 
in cyclic AMP, 

Adrenomedullin is a newly identified vasorelaxant 
peptide with a structure similar to that of CGRP (Kita- 
mura et aL, 1993; Nuki et aL t 1993). In swine coronary 
artery (Kureishi et al. t 1995) and renal artery (Seguchi 
et al. r 1995), adrenomedullin inhibited both the eleva- 
tions of [Ca 2+ ] 5 and contractions induced by high K + , 
U46619 or phenylephrine. In or-toxin-permeabilized 
strips, adrenomedullin decreased contraction at con- 
stant Ca 2+ in the presence of GTP, whereas GDP/3S 
antagonized this effect. These results suggest that ad- 
renomedullin relaxes the coronary artery not only by 
decreasing [Ca 2 ^ but also by decreasing the Ca 2 *-sen~ 
sitivity of the contractile elements. In rat aorta (Yoshi- 
moto et aL, to be published), however, adrenomedullin 
increased endothelial [Ca 2+ ] i and induced endothelium- 
dependent relaxation. In the absence of endothelium, 
adrenomedullin was ineffective. 

b; INSULIN. Insulin either increased (Zhu et aL, 1993a; 
Touyz et aL, 1994) or did not change resting [Ca 2 *]j 
(Han et aL, 1995b). Insulin attenuated the increase in 
[Ca 2 ^]i elicited by serotonin in cultured vascular smooth 
muscle cells from dog femoral artery only in the presence 
of glucose (Kahn et aL, 1995), by endothelial in porcine 
coronary artery cells (Dick and Sturek, 1996), by angio- 
tensin II and arginine-vasopressin in primary unpas- 
saged cultured rat mesenteric artery cells (Touyz et aL, 
1994, 1995), and by serotonin in primary confluent ca- 
nine femoral artery cells (Kahn et aL, 1993, 1994). In 
contrast, insulin augmented the increase in [Ca 2 *^ elic- 
ited by angiotensin II in A7r5 cells (Kim and Zemel, 
1993). Insulin also caused a marked increase in the rate 
of rCa 2 "*" ]j recovery to baseline after stimulation with 
both angiotensin II and vasopressin, such that the cu- 
mulative exposure to elevated [Ca 2 " f ] i after stimulation 
with either agonist (i.e., area under the [Ca 2 * ] f curve) 
was reduced with insulin treatment (Kim and Zemel, 
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1993). Similar results were reported by Touyz et al. 
(1995). 

Han et al. (1995b) showed that, in rat aorta precon- 
tracted with norepinephrine, insulin inhibited contrac- 
tion accompanied by a decrease in smooth muscle 
[Ca 2+ ]i and an increase in endothelial [Ca 2 ^. In the 
absence of endothelium, insulin still relaxed the norepi- 
nephrine-contracted aorta accompanied by a decrease in 
[Ca 2 *]^ Thus, insulin appears to have dual effects. The 
first effect is to increase endothelial [Ca 2+ j 4 , activate 
nitric oxide synthase, release nitric oxide, and indirectly 
inhibit smooth muscle contraction by the decreases in 
both [Ca 2+ ]j and Ca 2+ sensitivity. The second effect is to 
directly act on smooth muscle and inhibit the agonist- 
induced increase in [Ca 2+ ]^ 

c. Volatile anesthetics. In A10 cells (laizzo, 1992), 
halothane and isoflurane transiently increased [Ca 2 ^. 
These volatile anesthetics inhibited the increases in 
[Ca 2 ^]j elicited by acetylcholine, endothelin-1, hista- 
mine, serotonin and vasopressin. In A7r5 cells (Sill et 
aL, 1991), halothane also inhibited [Ca 2 "]| responses 
and inositol phosphate formation evoked on stimulation 
with arginine-vasopressin. Inhibition of Ca 2+ release 
was stronger than that of Ca 2 ^ influx. In cultured rat 
aortic smooth muscle cells (Fujihara et al., 1996), argi- 
nine-vasopressin elicited an initial transient increase in 
[Ca 2+ ] i in the perinuclear region that was higher than 
[Ca 2 *]j in the cytoplasm, Halothane attenuated the 
[Ca 2+ ]i increase induced by arginine- vasopressin and 
abolished the differential increase. Under the continu- 
ous application of stimulant, Ca 24 " restoration in the 
medium after perfusion with Ca 2+ -free solution in- 
creased perinuclear [Ca 2 *\ more than the cytosolic 
[Ca 2+ ]i. Both were significantly attenuated by halothane 
but not by nicardipine or ryanodine. These results sug- 
gest that halothane may attenuate C a 2 + release from 
the SR more strongly than the Ca 2 "*~ entry. In permeab- 
ilized rabbit aorta and femoral artery (Su,. 1996; Su and 
Zhang, 1989; Su et al., 1994), isoflurane, enflurane and 
halothane decreased Ca 24 ~ uptake by the SR, and en- 
hanced caffeine-induced Ca 2+ release from the SR, 

In canine mesenteric artery (Kakuyama et al., 1994), 
halothane and enflurane, but not isoflurane, induced a 
transient increase in [Ca 2 ^ and a transient contrac- 
tion. Ryanodine completely abolished the transient in- 
creases in tension and [Ca 2 "] £ . Even in ryanodine- 
treated arteries, however, both anesthetics induced a 
slowly developing sustained contraction. The sustained 
contraction induced by enflurane was not accompanied 
by a significant increase in [Ca 2 "*"^, suggesting an in- 
crease in Ca 2+ sensitivity. 

In contrast to the above results, halothane and isoflu- 
rane increased resting [Ca 2+ ] s without inducing contrac- 
tion in rat aorta (Tsuchida et al., 1993). Halothane and 
isoflurane attenuated the increase in [Ca 2 ^ and con- 
traction induced by high K" 3 " and norepinephrine. During 
exposure to halothane or isoflurane, addition of BAY 



k8644 caused recovery of the high K + -stimulated 
[Ca 2+ ] i , However, the high K + -induced contraction was 
not recovered by BAY k8644. Also, in rat aorta (Namba 
and Tsuchida, 1996), halothane and isoflurane inhibited 
contractions more strongly than [Ca 2+ ]i stimulated by 
norepinephrine and prostaglandin F 2ct . Pretreatment of 
the muscle strip with verapamil revealed that halothane 
and isoflurane released Ca 2+ during the norepineph- 
rine-induced contraction. Halothane and isoflurane sup- 
pressed contractions elicited by di-ter£-butyl peroxide 
that were accompanied by increases in [Ca 2 "]^ These 
results suggest that the anesthetics decrease not only 
[Ca 2 "^ but also Ca 2+ sensitivity. Halothane and isoflu- 
rane also inhibited the high -induced contraction and 
the accompanying increase in [Ca 2+ ]j in rat aorta 
(Tsuchida et al., 1994). However, halothane, but not 
isoflurane, augmented the caffeine-induced contraction 
and the increase in [Ca 2+ ] i in Ca 2 ^-free solution. Thus, 
halothane, but not isoflurane, may enhance Ca 2+ re- 
lease from the caffeine-releasable Ca 2+ stores. In por- 
cine coronary artery (Ozhan et al., 1994), isoflurane 
attenuated contractions and increased [Ca 2+ ] i evoked by 
serotonin but not those induced by endothelin-1 or 
PDBu, Halothane attenuated contractions and increase 
in [Ca 2+ ]j evoked by serotonin and endothelin-1 but 
lacked effect on phorbol ester -induced responses. Nei- 
ther anesthetic facilitated cyclic AMP formation. 

Halothane relaxed not only vascular smooth muscle 
but also airway smooth muscle. In canine trachea stim- 
ulated by acetylcholine (Jones et al., 1993), halothane 
caused a reduction in sustained force but no decrease in 
plateau aequorin signal. In canine trachea (Jones et al, 
1995), acetylcholine increased force, cyclic AMP, cyclic 
GMP, and [Ca 2 ^. Subsequent exposure of the strips to 
halothane caused an additional increase in cyclic AMP, 
the decreases in force and [Ca 2+ ]j, and no effect on cyclic 
GMP, Indomethacin abolished the increase in cyclic 
AMP produced by acetylcholine and abolished the addi- 
tional increase in cyclic AMP produced by halothane. In 
contrast, indomethacin had no effect on the decreases in 
force and [Ca 2 ^. These findings suggest that halothane 
increased cyclic AMP by a cyclooxygenase-dependent 
mechanism and that the increase in cyclic AMP pro- 
duced by halothane is not responsible for the relaxation 
or the decrease in [Ca 2+ ] x . Also, in canine trachea (Ya- 
makage et al., 1993), carbachol increased muscle tension 
and [Ga 2 *]^ Anesthetics decreased both muscle tension 
and [Ca 2+ ] £ in the following order of inhibitory potency: 
halothane > isoflurane > enflurane > sevoflurane. In 
the presence of verapamil, carbachol moderately in- 
creased muscle tension but induced a transient increase 
of [Ca 2- ^ followed by a substantial reduction. In the 
presence of both carbachol and verapamil, anesthetics 
significantly decreased muscle tension without decreas- 
ing [Ca 2+ ] i . Potency for suppression of tension under 
these conditions, which appeared to be due to decrease 
in Ca 2+ sensitivity, was correlated with the oil/gas par- 
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tition coefficient: halothane > enflurane = isoflurane > 
sevoflurane. These results suggest that anesthetics in- 
hibit tracheal smooth muscle contraction by a decrease 
ing both [Ca 2 ^ and Ca 2 * sensitivity, the latter of which 
may be related to disruption of membrane phospholip- 
ids. 

In bovine aortic endothelial cells (Simoneau et al., 
1996), halothane and isoflurane reversibly reduce the 
sustained increase in [Ca 2+ \ initiated by bradykinin or 
thapsigargin, possibly by membrane depolarization 
caused by an inhibition of the Ca 2 "-dependent K + chan- 
nel activity. In canine mesenteric arteries (Yoshida and 
Okabe, 1992), sevoflurane inhibited the endothelium- 
dependent vasodilatation induced by acetylcholine, bra- 
dykinin, and Ca 2 " 3 " ionophore, A23187, without changing 
the relaxation induced by nitroglycerin. The electron 
spin resonance spin-trapping with 5,5~dimethyl-l-pyrro- 
line AT-oxide verified generation of hydroxyl radical from 
the sevoflurane-delivered bathing media. The genera- 
tion of hydroxyl radical and inhibition of endothelium- 
dependent relaxation were inhibited by superoxide dis- 
mutase. In rabbit lingual artery (Sasaki and Okabe, 

1993) , exogenous hydroxyl radicals also attenuated en- 
dothelium-dependent relaxation. These results indicate 
that superoxide anion radical and/or closely related spe- 
cies of oxygen free radicals, possibly hydroxyl radical, 
are involved in the inhibitory effect of sevoflurane on 
inactivation of endothelium-derived relaxing factor. 

d. Angiotbnsin-converting enzyme inhibitors. In 
cultured rat vascular smooth muscle cells (Zhu et al., 

1994) , angiotensin-converting enzyme inhibitors (capto- 
pril, enalaprilat and ramiprilat) inhibited Ca 2+ influx 
but not Ca 2+ release induced by angiotensin II. In rat 
aortic cells (Zhu et aL, 1993b), captopril and enalapril 
inhibited the increase in [Ca 2 "^ in response to angioten- 
sin II and bradykinin by inhibiting Ca 2+ influx. In swine 
coronary artery (Hirano and Kanaide, 1993), captopril 
augmented both the endothelium-dependent relaxation 
and the decrease in smooth muscle [Ca 2 "] £ induced by 
bradykinin without changing the Ca 24 * sensitivity or 
affecting the contractile elements. 

e. HYPOXIA AND METABOLIC INHIBITION. Hypoxia in- 
creased [Ca 2+ ] i and induced contraction in primary cul- 
tured smooth muscle cells from pulmonary arteries 
(Vadula et al., 1993; Hu and Wang, 1994). Acute hypoxia 
also increased [Ca 2- ^ in distal pulmonary artery cells 
from late-gestation ovine fetuses, and this was absent in 
Ca 2 "-free solution (Cornfield et al., 1993). Increases in 
[Ca 24 "] i in distal pulmonary artery cells were due to 
membrane depolarization and the resulting opening of a 
verapamil-sensitive L-type Ca 2+ channel (Cornfield et 
aL, 1994). In rabbit corpus cavernosum (Kim et al, 
1996a), hypoxia increased [Ca 2+ j f and induced relax- 
ation. In freshly dispersed rabbit femoral artery cells 
(Franco-Obregon et aL, 1995), hypoxia decreased 
[Ca 24 % In rabbit aorta (Karaki and Weiss, 1987), hyp- 
oxia inhibited norepinephrine-induced contraction with 



no effect on 45 Ca 2 " influx. In the cells from large pul- 
monary and cerebral artery (Vadula et al., 1993), hyp- 
oxia decreased [Ca 2 ^] s and induced relaxation. Hypoxia 
did not change [Ca 2+ ] i in proximal pulmonary artery 
cells and decreased [Ca 2+ ] £ in carotid artery cells. In rat 
portal vein (Sward et aL, 1993), metabolic inhibition by 
cyanide or 2,4-dinitrophenol increased basal [Ca 2 "*"];, 
and inhibited high K^-induced contraction with no 
change in [Ca 2 "]j, suggesting that Ca 2 " sensitivity is 
decreased or contractile elements are inhibited. In con- 
trast, Vadula et aL (1993) suggested that hypoxia did 
not change Ca 2+ sensitivity. Thus, there are large tissue 
differences in the effects of hypoxia and metabolic inhi- 
bition of [Ca 2 "^ and Ca 2+ sensitivity. In rabbit aorta 
(Karaki and Weiss, 1987), low temperature (24°C) inhib- 
ited contractions induced by high K* or norepinephrine 
accompanied by decreases in 4S Ca 2+ influx. 

f. Magnesium ion. In rat aortic cells (Zhang et aL, 
1992), removal of external Mg 2 *** increased [Ca 2 ***^ and 
changed cell shape. In rabbit aorta and ear artery, rat 
aorta and guinea pig aorta, removal of external Mg 24 " 
gradually augmented the caffeine-induced contraction 
without changing the contraction induced by norepi- 
nephrine or high K + , possibly by decreasing cytosolic 
Mg 2 * level and activating CICK (Karaki et aL, 1987). In 
rabbit urinary bladder detrusor muscle (Yu et aL, 1995), 
addition of Mg 24 " inhibited carbachol-induced contrac- 
tion accompanied by a decrease in [Ca 2 ");, In porcine 
trachea (Kumasaka et aL, 1996), addition of Mg 24 in- 
hibited contractions and increased [Ca 2 ^ elicited with 
high K + or carbachol. In rat carotid artery (Karaki, 
1989b), addition of Mg 2 ^ relaxed contraction induced by 
high accompanied by a decrease in [Ca 2+ ]|. In swine 
carotid artery (D'Angelo et aL, 1992), addition of Mg 2 * 
decreased histamine-stimulated [Ca 2 "^ and force to 
resting values. However, Mg 24 " only transiently de- 
creased MLC phosphorylation, suggesting that Mg 2 * 
induces relaxation by decreasing [Ca 2 *]; and, also, by 
dissociating MLC phosphorylation from [Ca 2 " f ] i and 
force. This finding also suggests the presence of an MLC 
phosphorylation-independent (yet potentially Ca 2 *-de- 
pendent) mechanism for regulation of force in vascular 
smooth muscle. 

In the aorta isolated from rats fed with a Mg 5 ^ -defi- 
cient diet for 30 days (Nishio et aL, 1989), contraction 
and the increase in 45 Ca 2+ uptake due to norepineph- 
rine were significantly greater than those in the aorta 
isolated from rats fed with normal diet. However, there 
were no significant differences between control rat aorta 
and Mg 2 * -deficient rat aorta in the responses to high 
K^. Verapamil and nifedipine inhibited norepinephrine- 
induced contraction in Mg 2 *-deficient rat aorta more 
strongly than that in the control rat aorta. Similar re- 
sults were obtained with phenylephrine (Sakaguchi and 
Nishio, 1994) and PDBu (Sakaguchi et aL, 1995). Fur- 
thermore, both phenylephrine and PDBu decreased the 
K d value and increased the B mQX for the binding of 
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[ 3 H]PN200-110 to the aorta and the decrease in the K d 
value was significantly greater in the Mg 2 ^-deficient rat 
aorta. The effects of Mg^-deficiency were antagonized 
by H-7, These results suggest that, in the Mg^-deficient 
rat aorta, the aj-adrenoceptor-coupled L-type Ca 24 " 
channel activity is increased. Activation of C kinase may 
participate in the activation of L-type Ca 2_f ~ channels, 
which increases both the affinity of PN200-110 and the 
amount of Ca 2+ influx. Dietary Mg 2 "^-deficiency may 
enhance these processes. 

g. Acidosis and alkalosis. Effects of pH on smooth 
muscle contractions have been reviewed by Wray et al. 
(1996). In A7r5 cells (Siskind et aL t 1989), intracellular 
alkalinization increased [Ca 2 *]j by releasing Ca 2 *. In 
rabbit portal vein (lino et al., 1994b), intracellular alka- 
linization elicited by ammonium ion inhibited the high 
K^-induced contraction and decreased [Ca 2+ ]i whereas 
intracellular acidification augmented the high K* -in- 
duced contraction and increased [Ca 2+ ]j. In porcine cor- 
onary artery (Nagesetty and Paul, 1994), intracellular 
alkalinization increased [Ca 2+ l| and inhibited contrac- 
tion induced by high K + or U46619. In canine trachea 
(Yamakage et aL 7 1995), acidification decreased [Ca 2+ ] t 
without changing muscle tone. Kitajima et al. (1996b) 
showed that changes in pH in the cell changed K d value 
of fura-2 for Ca 2+ . Adjusting the changes in K d value, 
they showed that changes in external pH elicited con- 
comitant changes in intracellular pH in 4-(2-hydroxy- 
ethyl)-l-piperazineethanesulfonic acid buffer solution. 
Acidification increased both [Ca 2 ^ and muscle tone by 
opening of the L-type Ca 2 * channels (Furukawa et al., 
1996). This effect was due mainly to acidic pH outside 
the cell. During high K + -induced contraction, acidosis 
decreased [Ca 2+ ]j without changing contraction (Kita- 
jima et al., 1996b). In permeabilized rat portal vein and 
human umbilical artery {Crichton et al,, 1994), the Ca 2+ 
sensitivity of tension production was not significantly 
affected by acidic pH in either preparation. However, 
alkaline pH caused a similar fall in the Ca 2+ sensitivity 
in both preparations. These results suggest that acidifi- 
cation increases and alkalinization decreases the Ca 2 * 
sensitivity of the contractile elements. In rat mesenteric 
artery (Austin and Wray, 1995), in contrast, acidifica- 
tion did not change Ca 2+ sensitivity. In rat aorta 
(Karaki and Weiss, 1981a), intracellular alkalinization 
(or a decrease in transmembrane pH gradient) inhibited 
relaxation due to membrane hyperpolarization following 
the activation of the electrogenic Na + pump. 

In the SR, alkalinization increased the Ca 2 "** sensitiv- 
ity of IP 3 -induced Ca 2 " release in permeabilized guinea 
pig portal vein (Tsukioka et al., 1994). 

h. Estrogen. In porcine coronary arterial strips, Han 
et al, (1995a) and Orimo et al. (1995) reported that 
17-/3-estradiol inhibited the increases in [Ca 2+ ]j and con- 
tractions induced by high K + . In contrast, contractions 
elicited by U46619 were only partially inhibited despite 
complete inhibition of the sustained increase in [Ca 2 '']j. 



Verapamil also only partially inhibited the U46619-in- 
duced sustained contraction and subsequent addition of 
17-/3-estradiol did not have an additional inhibitory ef- 
fect on either the [Ca 2 "^ or tension after addition of 
verapamil. These results suggest that 17-j3-estradiol has 
an effect similar to that of Ca 2+ channel blockers, inhi- 
bition of Ca 24 " influx without changing Ca 2+ sensitivity. 

i. Acttn INHIBITORS. Cytochalasines depolimerize actin 
filaments. In guinea pig taenia coll (Obara and Yabu, 
1994), cytochalasin B inhibited the high K + -induced 
contraction, and decreased ATPase activity in permeab- 
ilized taenia coli. However, cytochalasin B had no effect 
on the voltage-dependent Ca 2_i " currents, MLC phos- 
phorylation and [Ca 2+ \> In the rat aorta and chicken 
gizzard smooth muscles (Saito et al M 1996), cytochalasin 
D inhibited the contraction induced by high K* or nor- 
epinephrine without changing [Ca 24 ^. In the absence of 
external Ca 2_H , DPB induced sustained contraction with- 
out increasing [Ca 2 "% Cytochalasin D also inhibited 
this contraction. In the permeabilized chicken gizzard 
smooth muscle, cytochalasin D inhibited the Ca 2 "^-in- 
duced contraction. Cytochalasin D also inhibited the 
Ca 2 ^-independent contraction in the muscle which had 
been thiophosphorylated by adenosine 5'-0-(thiotriphos- 
phate). Cytochalasin D decreased the velocity of super- 
precipitation in the chicken gizzard native actomyosin 
(myosin B) affecting neither the level of MLC phosphor- 
ylation nor the Mg 2+ -ATPase activity. These results 
suggest that cytochalasin D inhibits smooth muscle con- 
tractions without any effect on the Ca 2+ -dependent 
MLC phosphorylation or subsequent activation of myo- 
sin ATPase activity. Cytochalasins may depolimerize 
actin in smooth muscle cells and inhibit contraction by 
uncoupling the force generation from the activated acto- 
myosin Mg 2+ -ATPase. 

A toxin isolated from marine sponge, mycalolide B, 
severs F-actin, sequesters G-actin, and thus depolimer- 
izes actin filaments (Saito et al., 1994). In rat aorta (Hori 
et al. T 1993a), mycalolide B inhibited contractions in- 
duced by high K + and caffeine without changing [Ca 2 ^. 
It also inhibited Ca 2+ -induced contraction in permeab- 
ilized smooth muscles. In the chicken gizzard native 
actomyosin, mycalolide B inhibited superprecipitation 
and Mg^-ATPase activity stimulated by Ca 2 * without 
changing MLC phosphorylation. In the permeabilized 
muscle and the native actomyosin preparation thiophos- 
phorylated with adenosine 5'-0-(thiotriphosphate), my- 
calolide B inhibited both ATP-induced contraction and 
Mg^* -ATPase activity in the absence of Ca 24 \ Mycalol- 
ide B also inhibited Mg^-ATPase activity of the skeletal 
muscle native actomyosin, Mycalolide B had no effect on 
the calmodulin-stimulated Ca 2+ -ATPase activity of 
erythrocyte membranes. These results suggest that my- 
calolide B selectively inhibits actin-myosin interaction 
and inhibits smooth muscle contraction. Aplyronine A 
and bistheonellide A, the marine toxins with a similar 
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actin depolymerizing activity, showed effects similar to 
those of mycalolide B {Saito and Karaki, 1996). 

j. OTHERS, Vasoactive intestinal peptide inhibited the 
contraction induced by carbachol but not those caused 
by high K 4 " or caffeine in rat stomach circular muscle 
(Ohta et al. r 1991). In Ca 2 ^-free solution, vasoactive 
intestinal peptide inhibited the phasic contraction in- 
duced by carbachol, but not that induced by caffeine. 
Vasoactive intestinal peptide reduced the increase in 
[Ca 2+ ]j elicited by carbachol without changing the 
[Ca 2_! "] r force relationship. In the permeabilized muscle 
fibers, vasoactive intestinal peptide had no effect on the 
Ca 2-h ~tension relationship. These results suggest that 
the inhibitory effects of vasoactive intestinal peptide are 
due to the inhibition of the processes of signal transduc- 
tion from muscarinic receptors to voltage-dependent 
Ca 2 " channels and to intracellular Ca 2 * stores. 

Adenosine pretreatment inhibited contraction and the 
increase in [Ca 24 l £ elicited by high K*, phenylephrine or 
electrical stimulation in ferret portal vein (Bradley and 
Morgan, 1985). In contrast, the addition of adenosine 
during phenylephrine or high K 4 " -induced contractions 
decreased force without a change in [Ca 24 ^, Concentra- 
tion-response curves for the effects of adenosine on high 
K + -induced contraction indicated that at low concentra- 
tions adenosine decreased force and [Ca 24 "Ji but that at 
high concentrations (greater than 3.7 ^M) adenosine 
increased [Ca 24 ^ and apparently relaxed smooth muscle 
by desensitizing the myofilaments to ECa 2 ^. 

Cadralazine becomes effective when metabolized to 
ISF-2405 (Higashio and Kuroda, 1988a, b). In rabbit 
aorta, ISF-2405 inhibited the contractions induced by 
norepinephrine by decreasing [Ca 24 "]; and Ca 24 * sensitiv- 
ity (Mitsui et al., 1990). 

Trifluoperazine inhibited high K^-induced contrac- 
tion accompanied by a decrease in [Ca 2+ ]j and inhibition 
of contractile elements in guinea pig ileal muscle strips 
(Hori et al., 1989b), suggesting that trifluoperazine in- 
hibits not only calmodulin, but also Ca 2 * influx stimu- 
lated by high K"\ 

S-W^V-DiethylaminoJoctyl-a^^-trimethoxybenzoate 
(TMB-8) inhibited the high K + -induced contraction 
more strongly than the norepinephrine-induced contrac- 
tion in rat aorta, although it strongly inhibited the in- 
crease in [Ca 2+ ] i elicited by both stimulants (Ishihara 
and Karaki, 1991). This result suggests that TMB-8 has 
a Ca 24 " channel blocker-like action. At higher concentra- 
tions (300 jiM), TMB-8 inhibited contractions induced by 
norepinephrine and caffeine by inhibiting Ca 2 * release 
and decreasing Ca 2 * sensitivity. 

5-[3-([2-(3,4-Dimethoxyphenyl)-ethyl]amino)-l-oxo- 
propyl]-2,3,4,5-tetrahydro-I,5-benzothiazepine fuma- 
rate (KT-362) inhibited contractions induced by high K* 
and norepinephrine accompanied by a decrease in 
[Ca 2 *];, by inhibitory actions on Ca 2 * influx and Ca 2 * 
release, in rat aorta (Sakata and Karaki, 1991), KT-362 



also inhibited the norepinephrine-induced increase in 
Ca 2 * sensitivity. 

1,9-Dideoxyforskolin showed effects similar to those of 
Ca 24 " channel blockers in rat aorta (Abe and Karaki, 
1992a). It inhibited contractions induced by high K* 
more strongly than those induced by norepinephrine, 
and it inhibited the increases in [Ca 2 *] f and contraction 
elicited by high K* to a similar degree. 

Reserpine inhibited the contraction and the increase 
in 45 Ca 2 * influx elicited by high in rabbit ear artery 
(CasteeJs and Login, 1983). In rabbit aorta (Satoh et al., 
1992), reserpine inhibited the high K*-induced contrac- 
tion accompanied by a decrease in [Ca 2 *^ without 
changing the Ca 2 * sensitivity. These results suggest 
that reserpine has a Ca 2 * channel blocker-like action. 

Hydrogen peroxide augmented the increase in tCa 2 *^ 
induced by high K* or phenylephrine in rabbit aorta 
(Iesaki et al., 1996). However, hydrogen peroxide only 
slightly increased the high K* -induced contraction and 
inhibited the phenylephrine-induced contraction. Thus, 
hydrogen peroxide appears to inhibit the agonist-in- 
duced increase in Ca 2 * sensitivity. 

Spiradoline, a K-opioid receptor agonist, inhibited 
high K*-induced contraction and decreased [Ca 2 "] i in 
swine coronary artery (Harasawa et aL, 1991). The in- 
hibitory effects on high K*-induced contractions were 
stronger than on contractions elicited by prostaglandin 
F 2 „* suggesting that this relaxant has a Ca 24 " channel 
blocker-like action. 

Azelastin inhibited contractions induced by high K*, 
carbachol and endothelin-l accompanied by a decrease 
in [Ca 2 *^ by inhibiting both Ca 2 * influx and Ca 24 " re- 
lease in swine trachea (Sanagi et al., 1992). Azelastin 
also directly inhibited the contractile elements in per- 
meabilized smooth muscle. 

8-fer^Butyl-6,7-dihydropyrrolo43,2-e>5-methyIpyra- 
zolo-[l,5a]-pyrimidine-3-carbonitrile (LP-805) decreased 
[Ca 2 *^ and tension during the contraction induced by 
high K* without changing Ca 2 * sensitivity in rabbit 
femoral artery (Ushio-Fukai et aL, 1994). LP-805 also 
inhibited the norepinephrine-mduced increase in both 
[Ca 24 ^ and force by opening K* channels. However, 
LP-805 did not inhibit the Ca 24 " release elicited by nor- 
epinephrine. In rat aorta (Kishii et aL, 1992), in con- 
trast, LP-805 inhibited the Ca 24 " release induced by nor- 
epinephrine and prostaglandin F 2a . 

Rutaecarpine increased [Ca 2 *]; in endothelial cells 
and induced endothelium-dependent relaxation in rat 
aorta (Wang et aL, 1996). Rutaecarpine also directly 
acted on smooth muscle and inhibited high K"-induced 
contraction by decreasing [Ca 2 *];. 

Lidocaine inhibited contractions induced by high K* 
or acetylcholine accompanied by a decrease in [Ca 2 *]j by 
inhibiting both Ca 2 * influx and Ca 2 * release in swine 
trachea (Kai et aL, 1993). Lidocaine also inhibited the 
increase in Ca 2 * sensitivity elicited by acetylcholine. 
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Hirsutine, an indole alkaloid from Uncaria rhyncho- 
phylla, inhibited the contractions induced by high K + 
and norepinephrine by decreasing [Ca 24 "^ in rat aorta 
(Horie et aL, 1992). Hirsutine also inhibited the caffeine- 
induced contraction by inhibiting Ca 2+ release. 

2 i 3-Butanedione-2-monoxime inhibited the contrac- 
tions induced by high K + and phenylephrine by inhibit- 
ing Ca 2+ influx and decreasing tCa 24 "^ in guinea pig 
portal vein (Watanabe, 1993) and in guinea pig taenia 
coli (Ostercnan et aL, 1993). 2,3-Butanedione-2-mon- 
oxime also inhibited the Ca 24 " -induced contraction in 
permeabilized smooth muscle, suggesting direct inhibi- 
tory effect on the contractile elements (Osterman et aL, 
1993). 

A minor tranquilizer, midazolam, inhibited contrac- 
tions induced by high K + or carbachol accompanied by a 
decrease in [Ca 2+ ] i in swine trachea (Toshimura et aL, 
1995). However, midazolam changed neither Ca 2+ re- 
lease nor Ca 2+ sensitivity. 

Trimebutine inhibited the contractions induced by 
high K 4 ", carbachol and caffeine by decreasing [Ca 24 "^ in 
guinea pig taenia coli (Nagasaki et aL, 1991). However, 
trimebutine did not change the Ca 24 " sensitivity of con- 
tractile elements. 

The polyamines, putrescine, spermidine and sperm- 
ine, inhibited the spontaneous contractions and 20 mM 
KCl-induced contractions accompanied by a decrease in 
[Ca 2+ ]j, although contractions induced by 90 mM KC1 
was not inhibited in guinea pig taenia coli (Nilsson and 
Hellstrand, 1993), 

Lithium ion inhibited contractions induced by high 
K + , carbachol and histamine without changing [Ca 2+ ]j 
in the guinea pig ileal longitudinal smooth muscle {Hori 
et aL, 1989a, 1995). Lithium ion also had no effect on the 
increase in 45 Ca 2+ uptake elicited by high K + . The high 
K 4 " -induced transient increase in MLC phosphorylation 
was inhibited by lithium ion. In the permeabilized ileal 
strips, contraction induced by Ca 24 " was inhibited by 
lithium ion. Lithium ion also inhibited the MLC phos- 
phorylation. These results suggest that lithium ion di- 
rectly inhibits MLC kinase in guinea pig ileum. 

4. Summary. The effects of smooth muscle relaxants 
are summarized in table 2, Various relaxants inhibit 
smooth muscle contraction by two mechanisms: de- 
crease in [Ca 2+ l i and decrease in the Ca 24 " sensitivity of 
contractile elements. Ca 24 " channel blockers decrease 
[Ca 2+ ] s by inhibiting L-type Ca 2 + channel. Although 
some relaxants including Ca 2+ channel blockers selec- 
tively inhibit the L-type Ca 24 " channel, other relaxants 
inhibit both [Ca 24 " \ and Ca 2 *^ sensitivity. Also, there are 
relaxants that inhibit Ca 2 ^ sensitivity without decreas- 
ing [Ca 2 "];. Compared to the effects of L-type Ca 24 " chan- 
nel blockers, agents that inhibit SR functions show 
smaller inhibitory effects on the contractions induced by 
high K 4 " or receptor agonists (see section IV.B.), suggest- 
ing that SR Ca 2 * is less important as a source of con- 
tractile Ca 2+ . 



E. Agents Affecting Endothelial Functions 

1. Calcium movements in vascular endothelium. The 
[Ca 2+ ]i in vascular endothelium indirectly regulates 
vascular tone by activating Ca 34 * -dependent enzymes 
such as nitric oxide synthase, phospholipase A 2 and 
lyso-platelet activating factor acetyltransferase, result- 
ing in the production of nitric oxide, prostacyclin, and 
platelet activating factor (Suttorp et aL, 1985, 1987; 
Ghigo et aL, 1988; Luckhoff et aL, 1988; Schmidt et aL, 
1989; Korenaga et aL, 1993). Production of endothelium- 
derived hyperpolarizing factor is also Ca 2+ -dependent 
(Chen and Suzuki, 1990). Endothelial [Ca 24 ^ also mod- 
ulates permeability of endothelium (Shasby and Shasby, 
1986). 

Agonists such as ATP, bradykinin, acetylcholine and 
endothelin-1 induce large and transient increases fol- 
lowed by small and sustained increases in [Ca 2 *], in the 
endothelial cells as measured with fluorescent Ca 24 " in- 
dicators (Colden-Stanfield et al., 1987; Peach et aL, 
1987; Danthuluri et aL, 1988; Hallara and Pearson, 
1986; Yokokawa et aL, 1990; Shin et aL, 1992). In rat 
aorta (Sato et al., 1990), carbachol increased [Ca 24 "^ in 
the endothelium by Ca 2 * release and Ca 2 * influx and 
relaxed the muscle. Also, in rat aorta (Moritoki et aL, 
1994; Zheng et al., 1994), release of SR Ca 2 * by thapsi- 
gargin and cyclopiazonic acid induced endothelium-de- 
pendent relaxation and cyclic GMP production, and 
these effects were inhibited by the inhibitors of nitric 
oxide synthase, a calmodulin inhibitor and removal of 
Ca 2 "^. In rat isolated mesenteric artery (Fukao et aL, 
1995), release of SR Ca 2 * by thapsigargin and cyclopia- 
zonic acid hyperpolarized the smooth muscle membrane 
which was unaffected by nitric oxide synthase inhibitor. 
In Ca 2 *-free medium, neither thapsigargin nor cyclopia- 
zonic acid elicited hyperpolarization. In muscles precon- 
tracted with phenylephrine, thapsigargin and cyclopia- 
zonic acid produced endothelium-dependent relaxation. 
An inhibitor of nitric oxide synthase only partly inhib- 
ited the relaxation. These results indicate that increase 
in endothelial LCa 2 *^ elicits release of both nitric oxide 
and endothelium-derived hyperpolarizing factor. 

a. Mechanisms of calcium release. In endothelial 
IP 3 cells, various agonists elicit a transient production of 
IP 3 . The IP 3 production was not affected by Ca 2 * chan- 
nel blockers, Ca 2 * chelators, inhibitors of Ca 2 * release 
such as TMB-8, and depletion of Ca 2 * stores by thapsi- 
gargin (Derian and Moskowitz, 1986; Iouzalen et aL, 
1995). The agonist-induced Ca 2 * release was inhibited 
by the phorbol ester-induced activation of C kinase, pos- 
sibly by Inhibiting phosphatidylinositol turnover 
(Voyno-Yasenetskaya et aL, 1989; Kugiyama et al,, 
1992). Some investigators suggested that CICR does not 
exist in vascular endothelium since modulators of CICR, 
such as caffeine, ryanodine and cyclic ADP ribose, 
changed neither the resting tCa 2 *^ nor the increase in 
[Ca 2+ ]i induced by receptor-agonist (Freay et aL, 1989; 
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Schilling and Elliott, 1992; Amano et aL, 1994). How- 
ever, others suggested the existence of CICK because 
caffeine and ryanodine increased resting [Ca 2+ ] i or in- 
hibited the increase in [Ca z ^] i induced by receptor-ago- 
nist (Graier et aL, 1994; Rusko et aL, 1995 a, b; Wang et 
aL, 1995; Ullmer et aL, 1996). Experiments with anti- 
body also indicated the existence of ryanodine receptors 
in the endothelium of guinea pig aorta and heart (Lesh 
et ah, 1992). In the electrophysiological studies, it was 
reported that ryanodine inhibited the hyperpolarization 
induced by caffeine but not by acetylcholine in the en- 
dothelial cells of guinea pig aorta, suggesting that Ca 2 ^ 
stores sensitive to caffeine and to acetylcholine are dif- 
ferent (Chen and Cheung, 1993). 

b. Mechanisms of calcium influx. Ionic channels in 
vascular endothelial cells have been reviewed by Adams 
(1994). Resting Ca 2+ influx in endothelial cells was in- 
hibited by La 34 * or Ni 2+ but not by the L-type Ca 2 * 
channel blockers. Increased external pH accelerated 
Ca 2 ^ influx which may contribute to the basal release of 
nitric oxide and prostacyclin (Demirel et aL, 1993; Nilius 
et aL, 1993). 

Voltage-dependent Ca 2+ channels do not seem to exist 
in endothelial cells since high K + did not increase 
[Ca 2 ^] iT Ca 2 * channel blockers such as verapamil and 
1,4-dihydropyridines did not inhibit the agonist-induced 
increase in [Ca 2+ ]j, and the voltage-activated Ca 2+ cur- 
rent was not observed (Colden-Stanfield et aL, 1987; 
Takeda et aL, 1987; Amano et aL, 1994), In microvascu- 
lar endothelium, however, electrophysiological studies 
indicated the existence of the T- or L-type voltage-depen- 
dent Ca 2+ channels (Bossu et aL, 1989, 1992a, b). There 
may be regional differences in the distribution of volt- 
age-dependent Ca 2+ channels in the endothelium. 

The Ca 2+ influx stimulated by agonists was inhibited 
by the inorganic Ca 2+ channel blockers such as La 3+ 
and Ni 2+ , a putative inhibitor of nonselective cation 
channel, l-[3-{4-methoxyphenyI) propoxyl]-l-(4-me- 
thoxyphenyDethyl-Lff-imidasole HCl (SKF 96365) (Her- 
ri tt et aL, 1990), and an anti-inflammatory agent, mefe- 
namic acid, but not by the L-type Ca 24 " channel blockers 
such as the 1,4-dihydropyridines (Schilling and Elliott, 
1992; Schilling et aL, 1992; Nilius et aL, 1993, Weber et 
al. f 1993; Amano et aL, 1994). Calcium influx was also 
inhibited by membrane depolarization, decreases in ex- 
ternal Cl~ concentration, CI~ channel blockers, activa- 
tion of C kinase, and a phosphatase inhibitor, calyculin 
A (Ryan et aL, 1988; Jacob, 1990; Hosoki and Iijima, 
1994; Yumoto et aL, 1995; Amano et aL, 1997), In con- 
trast, Ca 2 " influx was enhanced by alkaline pH (Schill- 
ing et aL, 1992). Activation of A kinase enhanced Ca 2+ 
influx in some, but not all of the preparations (Hall am et 
aL, 1989; Buchan and Martin, 1992; Graier et aL, 1993; 
Amano et aL, 1997). In contrast, activation of G kinase 
had no effect {Ryan et aL, 1988; Buchan and Martin, 
1992; Amano et aL, 1997). The permeability of these 
channels was more selective to monovalent cations than 



to divalent cations (Na" = K + > Ca 2 "" = Ba 2 * - Mn 2+ ) 
(Nilius et aL, 1993). Once this pathway was activated, 
increased influx of Ca 2+ or Mn 2+ continued even after 
removal of agonist, suggesting that receptor activation 
does not directly activate the Ca 2 ^ channel (Hallam et 
aL, 1989; Jacob, 1990). 

CRAC was inhibited by such inhibitors of the recep- 
tor-operated nonselective cation channel as La 3+ , Ni 2+ , 
SKF 96365, mefenamic acid, membrane depolarization, 
decreases in the external Cl~ concentration, CI" chan- 
nel blockers, an activation of C kinase and a phos- 
phatase inhibitors, but not by L-type Ca 2+ channel 
blockers or activation of G kinase (Schilling et aL, 1992; 
Gericke et aL, 1994; Hosoki and Iijima, 1995; Yamamoto 
et aL, 1995). Calcium influx through this pathway was 
enhanced by external alkaline pH (Schilling et aL, 1992), 
The permeability of this pathway was more selective to 
monovalent cations than to divalent cations (Na + = K + 
> Ca 2+ = Ba 2 + = Mn 2+ ) (Nilius et aL, 1993). Pharma- 
cological and electrophysiological evidences indicate 
that the influx pathway activated by receptor agonist is 
indistinguishable from CRAC (Schilling et aL, 1992; 
Thuringer and Sauve, 1992; Vaca and Kunze, 1994, 
1995) and others suggested that these two pathways are 
different because of differences in the permeability to 
Mn 24 and the sensitivity to SKF 96365 (Li and Van 
Breemen, 1996). Inhibitors of tyrosine kinase inhibited 
CRAC. Fleming et aL (1995) suggested that tyrosine 
phosphorylation of two cytoskeletal proteins (85- and 
100-kDa) mirrors the filling state of the intracellular 
Ca 2 ^ stores and that they play a central role in the 
regulation of CRAC. 

It has been suggested that a Ca 2+ influx factor is 
produced after depletion of the Ca 2_h stores (Ran- 
driamampita and Tsien, 1993). Degradation of the Ca 2> 
influx factor was inhibited by cyclosporine A or chelation 
of external Ca 2+ by EGTA (Randriamampita and Tsien, 
1995). Since the nonselective inhibitors of phosphatases, 
calyculin-A and tautomycin, inhibited CRAC, whereas 
the inhibitor of the type 2 phosphatase, okadaic acid, 
was without effect, it appeared likely that the type 1 
phosphatase activates the Ca 2+ influx factor (Wong et 
aL, 1995). Since the inhibitors of cytochrome P 460 inhib- 
ited CRAC, Graier et al, (1995) suggested that depletion 
of Ca 24 " stores activates the microsomal P 450 mono-oxy- 
genase which, in turn, synthesized 5,6-epoxyeicosatrie- 
noic acid, and that this or one of the metabolites of 
arachidonic acid is a second messenger for activation of 
CRAC. On the other hand, Randriamampita and Tsien 
(1993) suggested that metabolite of arachidonic acid was 
not the mediator of CRAC since the inhibitors of phos- 
pholipase A 2 , cyclooxygenase and cytochrome P 450 did 
not prevent Jurkat cells from releasing a Ca 2 * influx 
factor. It was reported that the molecular weight of the 
Ca 24 " influx factor was about 500-600 Da (Ran- 
driamampita and Tsien, 1993; Kim et aL, 1995b). Kim et 
aL (1995b) reported that the authentic Ca 2+ influx fac- 
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tor was resolved from the extract of Jurkat cells stimu- 
lated with thapsigargin by using HPLC, Its R r value was 
0.57, It induced a Ca 2 ^ -dependent Cl~ current only 
when injected into the intracellular space, and this cur- 
rent was inhibited by removal of external Ca 2+ or addi- 
tion of Ni 2+ . It was also reported that a small GTP- 
binding protein was the diffusible messenger in CRAC 
since GDP/3S or GTP-yS inhibited the Ca 2+ entry (Bird 
and Putney, 1993; Fasolato et al., 1993). On the other 
hand, Petersen and Berridge (1996) removed cytoplasm 
from the thapsigargin-treated Xenopus oocyte and in- 
jected it after extraction with HC1 into another oocyte. 
However, the extract did not activate Ca 2+ entry. From 
these results, they suggested that CRAC is co-localized 
with Ca 2+ release channels. 

Although endothelial cells possess a Na"7Ca 2 * ex- 
change mechanism (Sage et aL, 1991; Li and Van Bree- 
men, 1995), and although a putative inhibitor of this 
mechanism, dichlorovenzamil, inhibited the endotheli- 
um-derived relaxation of vascular smooth muscle (Win- 
quist et aL, 1985), evidence suggests that this mecha- 
nism does not play an important role in either the 
modulation of resting [Ca 2 "^ or the receptor-mediated 
increase in [Ce?+\ in vascular endothelium (Sage et aL, 
1991). 

2. Effects of fluid shear stress. Vascular endothelial 
cells are always exposed to blood flow. Changes in blood 
flow modulate endothelial functions such as production 
of nitric oxide and prostacyclin. Shear stress increases 
endothelial [Ca 2 " 1 " J*. Continuous mechanical stimulation 
such as changes in perfusion rate or osmolality released 
Ca 2 " from stores and increased Ca 2+ influx (Dull and 
Davies, 1991; Geiger et aL, 1992; Falcone, 1995). On the 
other hand, short-term stimulation induced by flashing 
of solution or mechanical stimulation of cells with mi- 
cropipets induced Ca 2+ influx without Ca 2+ release 
(Schwarz et aL, 1992; Demer et al., 1993; Naruse and 
Sokabe, 1993; Sigurdson et aL, 1993). It was suggested 
that the cascade of actin/actin-binding protein/phospho- 
lipase A 2 /arachidonic acid or GTP-binding protein/phos- 
pholipase C/phosphatidylinositol turnover is involved in 
the Ca 2+ release induced by continuous mechanical 
stimulation (Oike et aL, 1994). It is not evident if me- 
chanical stimulation releases Ca 2 " from the same stores 
as those activated by agonists. Since the Ca 2+ influx 
pathway activated by a short-term mechanical stimula- 
tion is more permeable to divalent cations than to mono- 
valent cations (Nilius et al., 1993), this pathway may be 
different from the receptor-operated nonselective cation 
channel or CRAC. 

In bovine aortic endothelial cells (Kanai et aL, 1995), 
synthesis of nitric oxide elicited by shear stress, but not 
by ATP, was dependent on extracellular Ca 2+ . In bovine 
femoral artery endothelium (Hecker et aL, 1993; Ayajiki 
et aL, 1996), in contrast, production of nitric oxide in- 
duced by acetylcholine, but not by shear stress, was 
dependent on extracellular Ca 2 * , Corson et al. (1996) 



reported that shear stress increased nitric oxide produce 
tion more strongly than [Ca 2 "^ increase elicited by iono- 
mycin. Using a flow-step protocol, they also found that 
fCa 2T ]i increased on the onset of shear stress, but not 
after a step increase. However, the step increase in 
shear stress was associated with a potent biphasic in- 
crease in the nitric oxide production rate and phosphor- 
ylation of nitric oxide synthase. From these results they 
suggested that shear stress phosphorylates and acti- 
vates NOS in the absence of [Ca 2+ ]j increase. Production 
of nitric oxide in endothelial cells may be regulated by 
both Ca 2 ^-dependent and -independent mechanisms. 

3. Relaxant effect of nitric oxide. Characteristics of the 
nitric oxide-induced smooth muscle relaxation have 
been reviewed by Moncada et al. (1991), Stark and 
Szurszewski (1992), Sanders and Ward (1992), Lincoln 
et al. (1996) and Toda and Okamura (1996). Sato et al, 
(1990) measured [Ca 2 ^ in both endothelium and 
smooth muscle simultaneously with smooth muscle con- 
traction in rat aorta. They found that release of nitric 
oxide elicited by carbachol strongly relaxed the norepi- 
nephrine-stimulated aorta with an increase in endothe- 
lial [Ca 2 "*"] £ , and positive correlation was obtained be- 
tween the increase in endothelial [Ca 2+ ] i and relaxation. 
However, carbachol-induced relaxation was accompa- 
nied by only a small decrease in smooth muscle [Ca 2 ^. 
The effects of nitric oxide on smooth muscle [Ca 2+ ] x and 
contraction are similar to those of sodium nitroprusside 
(Karaki et aL, 1988b), suggest that nitric oxide may 
decrease [Ca 2 ^] £ in the smooth muscle cells and also 
decrease Ca 2_t " sensitivity of contractile elements, result- 
ing in vasodilatation. Han et aL (1995b) reported that 
insulin released nitric oxide and relaxed contraction in 
rat aorta by mechanisms similar to those of carbachol. In 
porcine coronary artery (Hirano and Kanaide, 1993; Ku- 
roiwa et aL, 1995) bradykinin increased endothelial 
[Ca 2 *Ji, and decreased both smooth muscle [Ca 2_i "] i and 
force to resting levels, during prostaglandin F 2or or 
U46619-induced contractions, only when endothelium 
was intact. During high K + depolarization, bradykinin 
induced a greater relaxation than that expected from the 
reduction in [Ca 2 *]^ suggesting that nitric oxide relaxes 
porcine coronary artery by the mechanisms similar to 
those in rat aorta. Shin et al. (1996) also showed that 
ATP increased [Ca 2 *], in vascular endothelial cells and 
decreased [Ca 2+ Ji of adjacently cocultured vascular 
smooth muscle cells. The [Ca 2 *^ reduction in cocultured 
smooth muscle with endothelium by ATP was attenu- 
ated by the nitric oxide synthase inhibitors, whereas 
these inhibitor potentiated the [Ca 2+ ] i elevation in the 
endothelial cells, suggesting that nitric oxide affects 
smooth muscle cells in a paracrine manner while endo- 
thelial cells in an autocrine fashion. In arterioles iso- 
lated from rat cortex (Dietrich et aL, 1994), inhibition of 
nitric oxide production by N^-nitro-L-arginine induced 
vasoconstriction without increasing [Ca 24 ^. This result 
suggests that nitric oxide inhibits contraction without 
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changing ECa 2+ ] i possibly by decreasing Ca 2+ sensitiv- 
ity. 

Wang et aL (1996) reported that the order of potency 
of the agonists in terms of the peak endothelial [Ca 2+ ] i 
was bradykinin > ATP > ionomycin > thapsigargin. In 
contrast, the order in reference to both the extent of 
[Ca 2+ ]j reduction in cocultured vascular smooth muscle 
and the elevation in nitric oxide production over the 
level of basal release completely matched and was 
ranked as thapsigargin > ionomycin > ATP > bradyki- 
nin. This discrepancy may indicate the presence of Ca 2+ 
compartments and/or localization of nitric oxide syn- 
thase in the endothelial cells. 

Since nitric oxide is a potent activator of guanylate 
cyclase (Katsuki et al., 1977; Miki et aL, 1977; Arnold et 
aL, 1977), major effects of nitric oxide may be mediated 
by G kinase. However, nitric oxide acts also on various 
other functional proteins and, therefore, a part of the 
effects may be mediated by mechanisms other than G 
kinase including K 4 ^ channels (Bolotina et aL, 1994). 

V. Calcium Movements, Distribution, and 
Functions in Smooth Muscle 

A Calcium Movements and Distribution 

Calcium movements in smooth muscle initially pre- 
dicted from contraction data in fig. 1 can now be revised 
as is shown in figs. 7 and 8. The effects of high K* t 
similar to those in fig. l r are to depolarize the mem- 
brane, open the L-type Ca 2+ channel, and increase 
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Fig. 8. Mechanisms for regulation of smooth muscle contraction; 
The major mechanism of regulation is an increase in the contractile 
Ca 2+ mediated by the Ca 2 * mobilizing pathway (thick line) including 
both Ca 2 * release and Ca 2+ influx. The contractile Ca 2 "" activates 
MLC kinase, phosphorylates MLC, and induces contraction. The 
metabo tropic pathway (thin line) activates C kinase and/or tyrosine 
kinase to inhibit phosphatase activity, resulting in an increased 
MLC phosphorylation and enhanced contraction. Liberation of ara* 
chidonic acid, mediated by the activation of phospholipase A Sr may 
also inhibit MLC phosphatase. This pathway may also activate the 
actm-linked regulatory mechanism to induce MLC phosphorylation- 
independent activation of contraction. Both the Ca 2 " 1 " mobilizing 
pathway and the metabotropic pathway activate the negative-feed- 
back path way (dotted line) through either the increase in the non- 
contractile Ca 2+ or the activation of C kinase (+■ - activation; - = 
inhibition). 
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Fig. 7. Updated Ca a+ movements in smooth muscle. Mechanisms 
of high -induced contraction are similar to those in fig. I (1), 
Agonists elicit Ca 2 * release from the SR toward the subplasmale- 
mmal Ca s ^ space (noncontractile compartment) to regulate mem- 
brane Ca 3 ^ -dependent mechanisms (2A) and also toward the cyto- 
plasm, where contractile proteins exist (2B). Agonists also increase. 
[Ca 2 "Ji by opening the l-type Ca 2+ channels directly (3>or indirectly 
through membrane depolarization (4) induced by opening of nonse- 
lective cation channel, inhibition of K + channels, or opening of Cl~ 
channels. Nonselective cation channels are also permeable to Ca 2 ' 1 ' 
(5). Depletion of SR Ca 2+ may open CRAC to increase [Ca 2 ^ (not 
shown). Because Ca 2 *" channel blockers inhibit larger portion of the 
sustained increase in [Ca 2 "] b induced by agonists, l-type Ca 2 " chan- 
nel appears to be the major Ca 2 ** influx pathway. Receptor activation 
also increases Ca 2i sensitivity of contractile elements (6). 



ECa 2+ ]j. Since the Ca 2 "* channel blockers inhibit the 
L-type Ca 2+ channel, and since high K + does not in- 
crease the Ca 2 " sensitivity of contractile elements (but 
see section IV.C.l.), high K 4 * -induced contraction is in- 
hibited by the Ca 24, channel blockers in proportion to the 
decrease in [Ca 2 ~% 

In contrast to this, the effects of norepinephrine and 
other agonists are far more complicated than was pre- 
dicted from contraction data. As shown in fig. 6, agonists 
activate five different mechanisms. The first mechanism 
is to release Ca 2+ from the SR to induce initial transient 
contraction. In some types of smooth muscle, sub-maxi- 
mum concentrations of agonists may induce intermit- 
tent increases in [Ca 2+ Ii or [Ca 2+ ] i oscillations in indi- 
vidual cells by releasing Ca 2+ from the SR. Summation 
of contractions in these cells may result in a sustained 
contraction of smooth muscle tissue. The second mech- 
anism is to open the L-type Ca 2+ channel through the 
activation of GTP-binding protein, but not through 
membrane depolarization. The third mechanism is to 
open the nonselective cation channel. Since this channel 
is permeable not only to monovalent cations but also to 
Ca 2 ^", opening of this channel results in an increase in 
Ca 2+ influx. This may be the mechanism of the previ- 
ously suggested receptor-linked Ca 2+ channel. In addi- 
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tion, since opening of the nonselective cation channel 
depolarizes the membrane, the L-type Ca 2 " channel is 
activated to farther increase Ca 2 * influx. Depletion of 
SR Ca 2 * also depolarizes the membrane by inhibiting 
the Ca 2+ -activated channels. The fourth mechanism 
is activation of the non-L-type Ca 2 * entry resulting from 
release of SR Ca 2 ^" (CRAC), All of these mechanisms, 
composing the receptor-mediated Ca 2 * mobilizing path- 
way in fig, 8, increase [Ca 2 "^ in both the contractile and 
noncontractile compartments. The fifth mechanism is to 
increase Ca 2 * sensitivity of contractile elements which 
increases contractile force at a given [Ca 2 ^, This mech- 
anism is mediated by the balance between phosphoryla- 
tion and dephosphorylation of functional proteins in- 
cluding the endogenous modulators of the MLC 
phosphatase. This mechanism belongs to the receptor- 
mediated metabotropic pathway in fig, 8. 

Since the major mechanism of agonist-induced Ca 2 * 
influx is the opening of the L-type Ca 2 * channels and 
only a small portion of Ca 2+ influx is due to opening of 
nonselective cation channel and CRAC, the agonist-in- 
duced sustained increase in [Ca 2 *]* is strongly inhibited 
by Ca 2 * channel blockers but not by the inhibitors of SR 
functions. However, the agonist-induced sustained con- 
traction is only weakly inhibited. This is because Ca 2 * 
channel blockers do not inhibit the agonist-induced in* 
crease in Ca 2 * sensitivity which can maintain a large 
contraction even in the presence of a small increase in 
[Ca 2+ ]j. In contrast, the initial transient increase in 
[Ca 24 ^, which is due to Ca 2 * release, is inhibited by the 
inhibitors of SR functions but not by the Ca 2 * channel 
blockers. 

Calcium ion in the noncontractile compartment acti- 
vates various mechanisms in the plasmalemma includ- 
ing K* channels, Na*/Ca 2 * exchanger and Ca 2 * pump. 
Membrane hyperpolarization elicited by the activation 
of K + channel may inhibit the receptor-mediated signal 
transduction pathways. Activation of Na"7Ca 2 * ex- 
changer and Ca 2 * pump decreases Ca 2+ in this compart- 
ment and also Ca 2 * in the SR. Thus, an increase in Ca 2 * 
in this compartment may serve as the negative feedback 
pathway for regulation of contraction in fig. 8. Further- 
more, the receptor-mediated increase in diacylglycerol 
activates C kinase, which may also acts as a negative 
feedback pathway by inhibiting the receptor-mediated 
signal transduction. 

An important question is whether all of these mecha- 
nisms are simultaneously operating in smooth muscle 
tissue. In rat aorta (Karaki et al. t 1991) and tail artery 
(Chen and Rembold, 1995), it has been shown that stim- 
ulation of the a-adrenoceptors induced Ca 2 * release, 
increased Ca 2 * influx though both the Ca 2+ channel 
blocker-sensitive and -insensitive pathways, and in- 
creased Ca 2+ sensitivity of contractile elements. These 
results indicate that in some types of vascular smooth 
muscle, all of these mechanisms are playing an impor- 
tant role. However, some receptors such as the 



adrenoceptors and the endothelin ET B receptors are not 
coupled to Ca 2 * release. Furthermore, Ca 2 * sensitivity 
is not increased by agonists in other types of smooth 
muscle, such as chicken gizzard (Anabuki et aL, 1994), 
rat anococcygeus muscle (Shimizu et aL, 1995), and rat 
uterus (Sakata and Karaki, 1992). 

When stimulant is removed, the Ca 2+ channel and the 
nonselective cation channel are closed. Increased Ca 2 * 
influx returns to a resting level and increased [Ca 2+ ] i is 
decreased by the plasmalemmal Ca 2+ pump, the SR 
Ca 2 * pump and Na^/Ca 2+ exchange. Calcium ion in the 
SR may be unloaded through Ca 2 * release coupled to the 
Na"7Ca 2+ exchange. The relative importance of these 
mechanisms to decrease [Ca 2- ^ in. different tissues re- 
mains to be examined. 

B. Receptor-Effector-Structure Interrelationship 

The a^-adrenoceptors in rat aorta and rabbit mesen- 
teric artery are coupled to IP 3 /Ca 2 " release system 
(Hashimoto et aL, 1986; Pijuan and Litosch, 1988; Pi- 
juan et aL, 1993). However, this receptor is not coupled 
to Ca 2_h release in ferret aorta and rat anococcygeus 
muscle, and only weakly coupled to Ca 2 * release in rat 
tail artery (see section IV.C.2.). This receptor is coupled 
also to the L-type Ca 2 " 7 " channel in rat portal vein, rabbit 
ear artery and rabbit mesenteric artery whereas these 
are coupled to nonselective cation channels in rabbit 
portal vein and ear artery. The muscarinic receptors are 
coupled to both Ca 2+ influx and Ca 2 * release although 
Ca 2_r release is activated only by high concentrations of 
carbachol in the longitudinal smooth muscle of guinea 
pig ileum (Wang et aL, 1992). The muscarinic agonists, 
pilocarpine and oxytremorin, increase Ca 2 * influx but 
not Ca 2 * release. The endothelin ET B receptors in vas- 
cular endothelium are coupled to the IP 3 /Ca 2 * release 
system (Sudjarwo et aL, 1992), whereas those in swine 
pulmonary vein are not (Sudjarwo et aL } 1995). Thus, 
some receptors may be coupled only to the IP 3 /Ca 2 * 
release system, whereas other receptors are coupled 
only to the L-type Ca 2 * channels or to the nonselective 
cation channels. Some cells may have receptors coupled 
to ion channels but not those coupled to Ca 2 * release, 
whereas other cells may have both types of receptors. 

Both Ca 2 * release and Ca 2 * influx usually supply 
Ca 2 ^ to the contractile compartment and elicit contrac- 
tion. However, Ca 2 * mobilization due to some receptor 
agonists does not elicit contraction in some types of 
smooth muscles because Ca 2 * is supplied mainly to the 
noncontractile compartment (see section ILE.l,). These 
observations suggest a specific linkage among receptor, 
effector (ion channels in plasmalemma or the SR) and 
Ca 2 ^ compartment (contractile or noncontractile). 

Among the three cytoplasmic spaces suggested by Van 
Breemen and co-workers (see Van Breemen et aL, 1995), 
the central cytoplasmic space may correspond to the 
contractile Ca 2 * compartment, whereas the junctional 
space may be the pathway of Ca 2+ from membrane ion 
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channels to the central cytoplasmic space (fig. 5). Fur- 
thermore, the junctional space may correspond to the 
noncon tractile Ca 2+ compartment. Function of the junc- 
tional space may be to remove Ca 2_h from the SR. Cal- 
cium ion released from the SR by HCR may increase 
fCa 2+ ]j in this space and activate the Na^/Ca 2_f ex- 
changer to exclude Ca 2 " (fig. 5). High concentrations of 
Ca 24 " may also activate various C a 24 " -dependent mech- 
anisms including CICR, K 4 " channel, nonselective cation 
channel, CI" channel, C kinase, and phospholipase C 
(Van Breemen et al., 1995). Inhibition of SR function by 
inhibiting the SR Ca 24 " pump using cyclopiazonic acid or 
thapsigargin or by opening the Ca 24 " release channels 
using ryanodine inhibited this mechanism (see Van 
Breemen et al., 1995, Bolton and Imaizumi, 1996). In 
contrast, the noncon tractile Ca 24 " compartment has dif- 
ferent characteristics from those of the junctional space. 
Inhibition of SR Ca 2 * pump by cyclopiazonic acid in- 
creased [Ca 2+ Ji in this compartment, suggesting that 
Ca 24 * in this compartment is taken up by the SR. Fur- 
thermore, opening of the SR Ca 2+ channels by ryanodine 
did not change [Ca 24 "^ in this compartment, suggesting 
that the SR Ca 24 " release does not contribute to increase 




SR Ca pump 



Central cytoplasmic space 

Fig. 9. The receptor-efTector-structure interrelationship in 
smooth muscle, TTiere are four spaces in the cell: junctional space, 
restricted space, tightly restricted space, and central cytoplasmic 
space. Junctional space, restricted space and central cytoplasmic 
space are similar to those suggested by Van Breemen et aL (1995) in 
figure 5. Tightly restricted space is isolated from central cytoplasm 
in such a manner that neither aequorin nor Ca 2 " 1 " freely diffuse 
between these two spaces. In rat aorta, the a-adrenoceptor/IP 3 sys- 
tem, the or-adrenoceptor/Ca 2 * channel system, the endothelin ET A 
receptor/Ca z " , ~ channel system, and the prostaglandin F 2c /Ca 2 ^ chan- 
nel system exist Facing the restricted space. Activation of these 
systems increases [Ca 2 " u ] i in this space. Ca 2 **' in this space diffuses 
relatively freely to the central cytoplasmic space and elicits contrac- 
tion, although a part of Ca 2 " is taken up by the SR. The ET A 
receptor/TP 3 system, the prostaglandin F 2q receptor/IP 3 system, and 
the purinergic receptor/Ca 2 * channel system are located in the mem- 
brane facing the tightly restricted space. Activation of these systems 
increases ECa 2 "^ in this space, Ca 2 "** in this space does not easily 
diffuse to the central cytoplasmic space. Ca 2 " 1 " in this space is taken 
up by the SR through a cyclopiazonic acid-sensitive SR Ca 2+ pump. 
Ca 2 ' in the SR may be unloaded by vectorial Ca 2 " release at the 
junctional space {see fig, 5). 



ICa 2+ ]; in this compartment. This compartment is sup- 
plied with Ca 2 * mainly by Ca 2 + influx (Abe et al., 1995, 
1996; Karaki et ah, 1996). Thus, the noncontractile Ca 2_L 
compartment may be different from the junctional 
space. From these results, we suggest the existence of a 
tightly restricted space (fig. 9), This space is separated 
from the central cytoplasm in such a manner that not 
only a large molecules such as aequorin cannot easily 
diffuse between these two spaces. Calcium ion in this 
space cannot reach the central cytoplasm because of 
diffusion barrier and also by SR Ca 24 " pump. Communi- 
cation between these two spaces may be tighter in ferret 
portal vein (Abe et aL, 1995) than in swine carotid artery 
(Rembold and Murphy, 1988b), because it took 13 h and 
2.5 h, respectively, for the supply of aequorin from the 
central cytoplasm to move into the tightly restricted 
space. Changes in [Ca 2+ ]j in this space are detected by 
aequorin but not by fura-2 because, although [Ca 2 **"]j in 
this space is much higher than in the central cytoplasm, 
the size of this space is small. In some smooth muscle 
like rat urinary bladder (Munro and Wendt, 1994) and 
bovine trachea (Tajimi et aL, 1995); however, the size of 
this space may be larger than that in ferret portal vein 
because even fura-2 can detect the increase in [Ca 2+ ]j in 
this space. 

The specific coupling between receptor and effector 
(either Ca 2 * influx pathway or Ca 2+ release channels) 
may be based upon the specific location of the plasma- 
lemma. In rat aorta, the endothelin ET A receptor/IP 3 
system or the prostaglandin F 2a receptor/IP 3 system 
may be located in the membrane facing the tightly re- 
stricted space. Since Ca 2_f ~ influx through the nonselec- 
tive cation channel or CRAC is not coupled to contrac- 
tion, these mechanisms may also supply Ca 24 " to this 
space in rat aorta. Even a part of the Ca 24 " entering 
through the L-type Ca 24 " channel, activated by either 
norepinephrine or high K 4 ", may be trapped in this 
space. Calcium ion in this space may regulate various 
Ca 2 "-dependent mechanisms in the plasmalemma inde- 
pendently of contraction. 

In contrast to prostaglandin F 2a and endothelin-1, 
Ca 2 " release induced by norepinephrine elicits contrac- 
tion in rat aorta. Furthermore, Ca a " + influx elicited by 
the opening of the L-type Ca 2+ channel, either by mem- 
brane depolarization or by receptor activation, also elic- 
its contraction. Thus, a larger part of the a-adrenocep- 
tor/IP 3 systems and the L-type Ca 2+ channels may be 
faced to the restricted space. Although a portion of Ca 2+ 
entering the cell or released from the SR toward this 
space is trapped by the SR, a larger portion will reach 
the central cytoplasm and elicit contraction. 

Combinations of receptor, effector, and structure may 
be different depending upon the specific types of tissues. 
Thus, endothelin-l-induced Ca 2 * release, ATP-induced 
Ca 24 * influx and other Ca 24 "-mobilizmg mechanisms are 
coupled to contraction to varying degrees in different 
types of smooth muscle. 
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VI. Conclusions 

• Contractions of smooth muscle are regulated 
mainly by the changes in [Ca 2+ ]^ Receptor is cou- 
pled to a Ca 2+ mobilizing pathway to increase 
[Ca 2+ ]i mainly by opening of the L-type Ca 2+ chan- 
nels and partly by release of Ca 2+ from the SR 
Opening of nonselective cation channels and CRAC 
may also increase ECa 2 *]^ 

• Calcium ion distributes unevenly in cytoplasm. 
There are at least two Ca 2 "*" compartments in the 
cell; the contractile and noncontractile compart- 
ments. The contractile compartment represents the 
central cytoplasm where contractile elements exist. 
Calcium ion in this compartment activates MLC 
kinase, phosphorylates MLC, and induces contrac- 
tion. An increase in Ca 24 " in this compartment may 
elicit a concomitant increase in mitochondrial 
[Ca 2+ ]i to stimulate ATP production before it is 
triggered by the energy-consumption by contractile 
elements. 

• Receptors are also coupled to a metabotropic path- 
way which activates C kinase and/or tyrosine ki- 
nase. These kinases inhibit MLC phosphatase and 
augment both MLC phosphorylation and contrac- 
tion at a given [Ca 2+ ]i (the receptor-mediated in- 
crease in Ca 2+ sensitivity). Arachidonic acid, liber- 
ated from the membrane by the activation of 
phospholipase A 2 , may also inhibit MLC phos- 
phatase. The metabotropic pathway may also acti- 
vate the actin-linked regulatory mechanism to in- 
duce contraction without changing the MLC 
phosphorylation. 

• Cyclic AMP and cyclic GMP have the effects oppo- 
site to those of receptor agonists; to decrease [Ca 2+ ] i 
and to activate MLC phosphatase. The latter effect 
results in the decreases in both MLC phosphoryla- 
tion and contraction at a given [Ca 2 "] i (Ca 2+ desen- 
sitization of MLC phosphorylation). Furthermore } 
these relaxants dissociate contraction from MLC 
phosphorylation by a mechanism yet to be exam- 
ined. These relaxants also inhibit the effects of ago- 
nists to increase Ca 2 ^ sensitivity either by inhibit- 
ing the receptor-mediated signal transduction or by 
activating MLC phosphatase. 

o The noncontractile Ca 2+ compartment may repre- 
sent a small space between plasmalemma and the 
SR. The major role of Ca 2 ^ in the noncontractile 
compartment may be to serve as a negative feed- 
back pathway. Calcium ion in this compartment 
activates K + channels, hyperpolarizes the mem- 
brane and inhibits the receptor-mediated signal 
transduction. Diffusion of Ca 2+ between the con- 
tractile and noncontractile compartments may be 
restricted by the SR and other organelles. Calcium 
concentrations in these compartments may be reg- 



ulated separately and independently. 
• In some types of smooth muscle, the agonist-in- 
duced release of Ca 2 * increased TCa 2 ^ only in the 
noncontractile compartment, whereas Ca 2 "^ influx 
elicited by the same agonist increased [Ca 2 ^ in the 
contractile compartment. In contrast, Ca 2+ release 
induced by other agonist increased [Ca 2 " 4 "]. in the 
contractile compartment in the same muscle. These 
differences may be explained by specific interrela- 
tionships between receptor, effector (Ca 2 * influx 
and Ca 2+ release mechanisms) and the subplas- 
malemmal structures (contractile and noncontrac- 
tile compartment) in different cell types. 
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